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Foreword 



International concern in scientific, industrial, and governmental communities 
over traces of xenobiotics in foods and in both abiotic and biotic environments 
has justified the present triumvirate of specialized publications in this field: 
comprehensive reviews, rapidly published research papers and progress reports, 
and archival documentations. These three international publications are inte- 
grated and scheduled to provide the coherency essential for nonduplicative and 
current progress in a field as dynamic and complex as environmental contamina- 
tion and toxicology. This series is reserved exclusively for the diversified litera- 
ture on “toxic” chemicals in our food, our feeds, our homes, recreational and 
working surroundings, our domestic animals, our wildlife and ourselves. Tre- 
mendous efforts worldwide have been mobilized to evaluate the nature, pres- 
ence, magnitude, fate, and toxicology of the chemicals loosed upon the earth. 
Among the sequelae of this broad new emphasis is an undeniable need for an 
articulated set of authoritative publications, where one can find the latest impor- 
tant world literature produced by these emerging areas of science together with 
documentation of pertinent ancillary legislation. 

Research directors and legislative or administrative advisers do not have the 
time to scan the escalating number of technical publications that may contain 
articles important to current responsibility. Rather, these individuals need the 
background provided by detailed reviews and the assurance that the latest infor- 
mation is made available to them, all with minimal literature searching. Simi- 
larly, the scientist assigned or attracted to a new problem is required to glean 
all literature pertinent to the task, to publish new developments or important 
new experimental details quickly, to inform others of findings that might alter 
their own efforts, and eventually to publish all his/her supporting data and con- 
clusions for archival purposes. 

In the fields of environmental contamination and toxicology, the sum of these 
concerns and responsibilities is decisively addressed by the uniform, encompass- 
ing, and timely publication format of the Springer- Verlag (Heidelberg and New 
York) triumvirate: 

Reviews of Environmental Contamination and Toxicology [Vol. 1 through 97 
(1962-1986) as Residue Reviews] for detailed review articles concerned with 
any aspects of chemical contaminants, including pesticides, in the total envi- 
ronment with toxicological considerations and consequences. 

Bulletin of Environmental Contamination and Toxicology (Vol. 1 in 1966) for 
rapid publication of short reports of significant advances and discoveries in 
the fields of air, soil, water, and food contamination and pollution as well as 
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methodology and other disciplines concerned with the introduction, presence, 
and effects of toxicants in the total environment. 

Archives of Environmental Contamination and Toxicology (Vol.l in 1973) for 
important complete articles emphasizing and describing original experimental 
or theoretical research work pertaining to the scientific aspects of chemical 
contaminants in the environment. 

Manuscripts for Reviews and the Archives are in identical formats and are 
peer reviewed by scientists in the field for adequacy and value; manuscripts for 
the Bulletin are also reviewed, but are published by photo-offset from camera- 
ready copy to provide the latest results with minimum delay. The individual 
editors of these three publications comprise the joint Coordinating Board of 
Editors with referral within the Board of manuscripts submitted to one publica- 
tion but deemed by major emphasis or length more suitable for one of the others. 

Coordinating Board of Editors 




Preface 



Thanks to our news media, today’s lay person may be familiar with such envi- 
ronmental topics as ozone depletion, global warming, greenhouse effect, nuclear 
and toxic waste disposal, massive marine oil spills, acid rain resulting from 
atmospheric SO 2 and NO^, contamination of the marine commons, deforesta- 
tion, radioactive leaks from nuclear power generators, free chlorine and CFC 
(chlorofluorocarbon) effects on the ozone layer, mad cow disease, pesticide 
residues in foods, green chemistry or green technology, volatile organic com- 
pounds (VOCs), hormone- or endocrine-disrupting chemicals, declining sperm 
counts, and immune system suppression by pesticides, just to cite a few. Some 
of the more current, and perhaps less familiar, additions include xenobiotic 
transport, solute transport, Tiers 1 and 2, USEPA to cabinet status, and zero- 
discharge. These are only the most prevalent topics of national interest. In 
more localized settings, residents are faced with leaking underground fuel 
tanks, movement of nitrates and industrial solvents into groundwater, air pol- 
lution and “stay-indoors” alerts in our major cities, radon seepage into 
homes, poor indoor air quality, chemical spills from overturned railroad tank 
cars, suspected health effects from living near high-voltage transmission lines, 
and food contamination by “flesh-eating” bacteria and other fungal or bacterial 
toxins. 

It should then come as no surprise that the ‘90s generation is the first of 
mankind to have become afflicted with chemophobia, the pervasive and acute 
fear of chemicals. 

There is abundant evidence, however, that virtually all organic chemicals 
are degraded or dissipated in our not-so-fragile environment, despite efforts by 
environmental ethicists and the media to persuade us otherwise. However, for 
most scientists involved in environmental contaminant reduction, there is indeed 
room for improvement in all spheres. 

Environmentalism is the newest global political force, resulting in the emer- 
gence of multi-national consortia to control pollution and the evolution of the 
environmental ethic. Will the new politics of the 21st century be a consortium 
of technologists and environmentalists or a progressive confrontation? These 
matters are of genuine concern to governmental agencies and legislative bodies 
around the world, for many serious chemical incidents have resulted from acci- 
dents and improper use. 

For those who make the decisions about how our planet is managed, there 
is an ongoing need for continual surveillance and intelligent controls to avoid 
endangering the environment, the public health, and wildlife. Ensuring safety- 
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in-use of the many chemicals involved in our highly industrialized culture is a 
dynamic challenge, for the old, established materials are continually being dis- 
placed by newly developed molecules more acceptable to federal and state regu- 
latory agencies, public health officials, and environmentalists. 

Adequate safety-in-use evaluations of all chemicals persistent in our air, 
foodstuffs, and drinking water are not simple matters, and they incorporate the 
judgments of many individuals highly trained in a variety of complex biological, 
chemical, food technological, medical, pharmacological, and toxicological disci- 
plines. 

Reviews of Environmental Contamination and Toxicology continues to 
serve as an integrating factor both in focusing attention on those matters 
requiring further study and in collating for variously trained readers current 
knowledge in specific important areas involved with chemical contaminants 
in the total environment. Previous volumes of Reviews illustrate these ob- 
jectives. 

Because manuscripts are published in the order in which they are received in 
final form, it may seem that some important aspects of analytical chemistry, 
bioaccumulation, biochemistry, human and animal medicine, legislation, phar- 
macology, physiology, regulation, and toxicology have been neglected at times. 
However, these apparent omissions are recognized, and pertinent manuscripts 
are in preparation. The field is so very large and the interests in it are so varied 
that the Editor and the Editorial Board earnestly solicit authors and suggestions 
of underrepresented topics to make this international book series yet more useful 
and worthwhile. 

Reviews of Environmental Contamination and Toxicology attempts to pro- 
vide concise, critical reviews of timely advances, philosophy, and significant 
areas of accomplished or needed endeavor in the total field of xenobiotics 
in any segment of the environment, as well as toxicological implications. 
These reviews can be either general or specific, but properly they may lie 
in the domains of analytical chemistry and its methodology, biochemistry, 
human and animal medicine, legislation, pharmacology, physiology, regu- 
lation, and toxicology. Certain affairs in food technology concerned specifi- 
cally with pesticide and other food-additive problems are also appropriate sub- 
jects. 

Justification for the preparation of any review for this book series is that it 
deals with some aspect of the many real problems arising from the presence of 
any foreign chemical in our surroundings. Thus, manuscripts may encompass 
case studies from any country. Added plant or animal pest-control chemicals or 
their metabolites that may persist into food and animal feeds are within this 
scope. Food additives (substances deliberately added to foods for flavor, odor, 
appearance, and preservation, as well as those inadvertently added during manu- 
facture, packing, distribution, and storage) are also considered suitable review 
material. Additionally, chemical contamination in any manner of air, water, soil, 
or plant or animal life is within these objectives and their purview. 
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Normally, manuscripts are contributed by invitation, but suggested topics are 
welcome. Preliminary communication with the Editor is recommended before 
volunteered review manuscripts are submitted. 

Tucson, Arizona G.W.W. 
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I. Introduction 

Veterinary medicines are widely used to treat disease and protect the health of 
animals. Dietary enhancing feed additives (growth promoters) are also incorpo- 
rated into the feed of animals reared for food to improve their growth rates. 
Release of veterinary medicines to the environment occurs both directly, for 
example, the use of medicines in fish farms, and indirectly, via the application 
of animal manure containing excreted products to land. A number of groups of 
veterinary medicines, primarily sheep dip chemicals (Environment Agency 1998, 
2000, 2001; SEPA 2000), fish farm medicines (Davies et al. 1998; Jacobsen 
and Berglind 1988), and anthelmintics (McCracken 1993; McKellar 1997; Rids- 
dill-Smith 1988; Strong 1993; Wall and Strong 1987) have been well studied. 
However, as there are scant data available in the public domain on the environ- 
mental fate, behavior, and effects of other generic groups of veterinary medi- 
cines, their potential environmental impacts are less well understood (Jprgensen 
and Halling-Sprensen 2000). This review was therefore performed to gain a 
greater understanding of the potential risks to the environment arising from the 
use of veterinary medicinal products. The review considers publicly available 
data on exposure routes, environmental fate, behavior, and effects of all generic 
groups of veterinary medicines. It is hoped that the outputs from this review 
will be used to target monitoring programs effectively, to ensure that appropriate 
risk management is in place, and steer future research initiatives. All veterinary 
medicines, drugs, and pesticides referred to in this review are detailed in Appen- 
dix A, including common name, CAS number, and complete chemical name. 

II. Environmental Assessment of Veterinary Medieines 

A. Responsible Authorities 

A pharmaceutical company is required to demonstrate the quality, safety, and 
efficacy of a new pharmaceutical product before it can be marketed. In the 
United States (U.S.), the regulatory authority is the U.S. Food and Drug Admin- 
istration (FDA). The equivalent authority in the European Union (EU) is the 
European Medicines Evaluation Authority (EMEA) for Europe-wide authoriza- 
tion or the Member State’s regulatory authority if individual country authoriza- 
tion is sought. The approaches used by the EU and the U.S. along with interna- 
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tional initiatives to harmonize approaches to assess the environmental risk of 
veterinary medicines are treated separately next. 

B. Environmental Risk Assessment in the European Union (EU) 

Under EU Directive 81/852/EEC as amended hy Directive 92/18/EEC (EU 
1992) it is necessary, when applying for marketing authorization for a veterinary 
product, to assess the potential harmful effects that use of the product may 
cause to the environment and identify any precautionary measures which may 
be necessary to reduce such risks. The assessments are performed in two phases 
[Committee for Veterinary Medicinal Products (CVMP) 1997]. 

In the first phase (Phase 1), the potential for exposure of the environment to 
the product, its ingredients, and relevant metabolites is assessed. If the Phase I 
assessment indicates that concentrations in dung excreted to pasture, manure 
that is subsequently applied to land, soil, and water, are likely to exceed 10 [tg 
kg ', 100 [tg kg 10 [tg kg ', or 0.1 [tg 1 ', respectively, then the second phase 
(Phase 2) is required. Phase 2 is performed in two parts. Tier A and Tier B. 

In Tier A, the possible fate and effects of the drug and/or its major metabo- 
lites are assessed in more detail than in Phase 1. Depending on the characteris- 
tics of the drug, tests may be required on aquatic species (fish, daphnids, and 
algae), earthworms, and plants, and there may be a need to determine the degra- 
dation half-life of the active substance in the environmental compartment(s) of 
interest. Typical Tier A studies are shown in Pig. 1. If the product exhibits 
insecticidal activity, then additional studies on dung fauna (one species each of 
dung fly and dung beetle) and grassland invertebrates need to be assessed. If 
after Tier A there is an indication that the compound poses an environmental 
hazard and that any proposed risk management strategies are inadequate, then 
Tier B is required. Tier B involves the study of effects on the fauna and flora 
within the environmental compartments that are likely to be affected. 

C. Environmental Risk Assessment in the United States 

The U.S. Pood and Drug Administration (PDA) is required under the National 
Environmental Policy Act (NEPA) to consider the environmental impacts of its 
actions, including investigational use of drugs and approvals of drugs. Assess- 
ments are performed by the PDA Center for Veterinary Medicines (CVM) using 
data on exposure and effects that are provided by the sponsor of a new animal 
drug. The approach used involves a customized data acquisition plan for each 
new animal drug and is performed in four phases: 

1 . Problem formulation. Problem formulation identifies the major factors to be 
considered in the assessment; this will identify certain general areas of con- 
cern and information required to satisfy regulatory agencies. 

2. Obtain information/data. Two types of data are needed, namely, data on expo- 
sure of the environment to the drag or its biodegradation products and data 
on potential hazards. Exposure data identify whether the drag and/or its deg- 
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radates are broken down by physical, chemical, or biological means, whether 
it evaporates to the air, remains dissolved into sediments, or will bind to 
sediment or soils. Information on animal husbandry, waste disposal practices, 
and the types of environment likely to be impacted may also be useful. Infor- 
mation on hazard is usually obtained from a series of standardized toxicity 
tests. The design of the test depends on the problems identified and the expo- 
sure data. For example, if a drug is water soluble and breaks down readily, 
acute toxicity testing on fish, daphnids, and algae is appropriate. If a drug is 
used regularly and persists, chronic testing may also be required. 

3. Analysis of data. In the third step, both the exposure and ecological effects are 
characterized. The exposure characterization determines which environmental 
compartment(s) are likely to be exposed, and likely concentrations in these 
compartments are determined. The assessment may be quite generalized or 
focus on particular sites where sensitive or endangered species may be ex- 
posed. The ecological effects are characterized using the available toxicity 
test data in conjunction with appropriate uncertainty factors. 

4. Risk characterization. The profiles of exposure and effects are the input to 
the risk estimation. Supporting information in the form of a weight of evi- 
dence argument may also be incorporated (e.g., data obtained from tests not 
meeting FDA quality standards). Estimated risks are then considered in terms 
of the types and magnitude of expected effects, the spatial and temporal ex- 
tent of the effects, and the potential for the ecosystem to recover. 

The ecological risk assessment is then incorporated into a public document 
known as an environmental assessment (EA). A number of these assessments 
can be downloaded from the EDA website (www.fda.gov/cvm/efoi/ea). 

D. Proposals of the Veterinary International Co-operation 
on Harmonisation (VICH) 

In 1996, the VICH Steering Committee authorized the formation of a working 
group to develop harmonized guidance for conducting environmental impact 
assessments for veterinary medicines in the EU, lapan, and the U.S. A guidance 
document on the Phase 1 assessment of veterinary medicinal products has been 
finalized (VICH 2000), and a number of guidance documents for Phase 2 are 
currently in draft form. 

The Phase 1 guidance document uses a decision tree that allows applicants 
to conclude whether a product qualifies for a Phase 1 report (Pig. 2). Products 
that do not require a Phase 2 assessment include natural substances; products 
used only in nonfood animals; products used to treat a small number of animals 
in a flock or herd; products that are extensively metabolized (i.e., individual 
metabolites are excreted in amounts less than 5% of the applied dose); products 
used in aquaculture or on livestock that do not enter the aquatic environment 
because the treatment waste is disposed of by incineration or similar means; 
aquaculture products where the environmental introduction concentration is less 
than 1 pg 1 '; and products used on livestock that have a predicted soil concen- 
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2. Is the VMP a natural substance, 
the use of which will not alter the 
concentration or distribution of the 
substance in the environment? 



STOP 

4. Is the VMP intended for use in a 
minor species that is reared and 3 will the VMP be used only 

treated similarly to a major species ◄ in non-food animals? 

for which an EIA already exists? 



No 



1. Is the VMP exempt from the 
need for an EIA by legislation 
and/or regulation? 



No 



Yes 





Fig. 2. Phase I decision tree (VICH 2000). 
Continued on next page 



tration less than 100 jdg kg '. Draft Phase 2 guidance documents are available 
for products used in aquaculture, and for the treatment of intensively reared 
animals and the treatment of animals on pasture. 

E. Environmental Risk Assessment Models 

To support the environmental risk assessment process, a number of approaches 
have been developed for predicting concentrations of veterinary medicines in 
soil, groundwater, and surface waters (e.g., Montforts 1999; Spaepen et al. 1997; 
WRc-NSF 2000). An overview of each model is presented in Table 1 and dis- 
cussed next. It should be noted that, because of a lack of monitoring data, none 
of the models described here has been validated. 

Uniform Approach for Predicting Environmental Concentrations of Veterinary 
Medicines (Spaepen et al. 1997) To harmonize environmental assessments of 
veterinary products, the European Federation for Animal Health (FEDESA) 
developed a uniform scheme for calculating predicted environmental concentra- 
tions (Spaepen et al. 1997). The scheme provides a sequence of standard equa- 
tions and a database containing information on three major agricultural animals: 
cattle, pigs, and poultry. The database also contains information on the agricul- 
tural practices and relevant regulations for various regions within the EU. Inputs 
to the model are the dose and treatment regimen. If information is available on 
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AQUATIC 

i 



/ 

7. Is the VMP used to treat 
aquatic or terrestrial species? 



8. Is entry into the aquatic 

environment prevented by disposal ^ STOP < 

of the aquatic waste matrix? 



► TERRESTRIAL 

I 

14. Is entry to the terrestrial 
environment prevented 
through disposal of the 
terrestrial waste matrix? 



I No 



No 



No 



Yes 



9. Are aquatic species 
-reared in a confined facility? 

I Yes 



10. Is the VMP an ecto- 
' and/or endoparasiticide? 

I No 



15. Are animals reared 
on pasture? 

_Yes 

16. Is the VMP 



1 1 . Is the environmental 
introduction concentration 
fElC-T ....-! of the VMP - 

released from aquaculture 
facilities < 1 pg/l-? 



No 



Yes 



-►STOP^- 




an ecto- and/or 
endoparasiticide? 



Yes 



Yes 



Ye 



12. Do data or mitigations 




No 



17. Is the predicted 
environmental concentration 
of the VMP in soil (PEC^ii) 
< lOOpg/kg? 

No I 

18. Do any mitigations exist 
that alter the PECsoil? 



Yes 



19. Is recalculated 
PECsoil < 100 /ig/kg? 



No 



Phase II 

Tailored to address 
Issues of concern 



No 



1 ' 



No 



Fig. 2. (Continued). 



metabolism or degradation, this can be incorporated into the calculation. The 
output from the model is a predicted soil concentration. 

ETox (Montforts, 1999) The ETox model developed by Montforts (1999) pre- 
dict concentrations of veterinary medicines using scenarios that are specific to 
agricultural practices in the Netherlands. The model is more complex than the 
uniform approach and can be used for medicines that are given internally (e.g., 
oral and injection treatments) or applied externally (e.g., udder disinfection treat- 
ments). A range of input pathways is considered (i.e., direct excretion of dung 
and urine onto a field; spreading of manure and slurry and direct spillage onto 
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a field). The following groups of organisms are considered: cows (milk cows, 
suckling cows, beef cows), pigs (fattening pigs, sows), and poultry (hens, broil- 
ers and turkeys). The outputs from the model include concentrations of the 
veterinary drug in soil, groundwater, surface waters, and biota. 

VETPEC (WRc-NSE) VETPEC is a combination of four existing models: a 
Mackay fugacity model for partitioning in soils; the PESTAQ and PESTCAT 
models for transport to groundwater and river water, respectively; and the uni- 
form approach of Spaepen et al. (1997), which was just described. The model 
considers a range of animals, including cows, pigs, broiler chickens, laying hens, 
turkeys, and lambs and predicts concentrations in soil, groundwater, and surface 
waters in three UK catchments (the Cotswolds, Otter Valley, and Hereford- 
shire). The model allows the user to produce outputs of likely concentration 
distributions that reflect the variability. 

III. Veterinary Medicine Use 

Only a limited amount of information is available on the usage of veterinary 
medicines (VMD 2001; Liddel 2000; Pellicaan et al. 2000). Very limited data are 
available for the U.S. and, with the exception of the UK, data are only available 
on the sales of antibacterials in individual EU member states. Data for the UK 
cover a wider range of products, including parasiticides, antimicrobials, and hor- 
mones. A summary of the available data is provided below. Although much of 
the information is UK focused, it is likely that this provides an indication of the 
types and relative amounts of different products used across the world. 

A. Ectoparasiticides and Endectocides 

Ectoparasiticides are used to control external parasites in livestock and endec- 
tocides are used to treat both internal and external parasites. Both ectoparasiti- 
cides and endectocides are used to treat parasites in a wide range of animals. If 
uncontrolled, ectoparasites (mites, blowfly, lice, ticks, headfly, and keds) can 
severely affect the welfare of sheep. In the UK, a number of product types are 
available and a range of active substances is approved for use (Table 2). The 
available data on the usage of ectoparasiticides on sheep (Liddel 2001; Pepper 
and Carter 2000) indicate that the organophosphate compound diazinon is the 
most widely used active substance, followed by the pyrethroids. Currently, only 
a limited amount of the macrocyclic lactones are used. Usage data of other 
ectoparasiticide active substances (i.e., phosmet, emamectin benzoate, piperonyl 
butoxide), used in agriculture, aquaculture, and treatment of companion animals, 
respectively, were not available. 



B. Antibiotics 

Antibiotics are used in the treatment and prevention of bacterial diseases (Gus- 
tafson and Bowen 1997). Their use follows principles similar to those used in 
human medicines, but there are some differences. The most significant differ- 
ence is that livestock and poultry are raised in large numbers and it is therefore 
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Table 2. Major veterinary medicines in use in the UK. 




Group 


Chemical class 


Major active ingredients 


Ectoparasiticides 


Organophosphates 


Diazinon 




Synthetic pyrethroids 


Flumethrin 

Cypermethrin 




Amidines 


Amitraz 


Antibiotics 


Tetracyclines 


Oxytetracycline 

Chlortetracycine 

Tetracycline 




Sulphonamides 


Sulphadiazine 

Sulphadimidine 

Formosulphathiazole 




p-Lactams 


Amoxicillin 
Procaine penicillin 
Procaine benzylpenicillin 




Aminoglycosides 


Dihydrostreptomycin 

Neomycin 

Apramycin 




Macrolides 


Tylosin 




Fluoroquinolones 


Enrofloxacin 




2,4-Diaminopyrimidines 


Trimethoprim 




Pleuromutilins 


Tiamulin 




Lincosamides 


Lincomycin 

Clyndamycin 


Endectocides 


Macrolide endectins 


Ivermectin 

Doramectin 

Eprimomectin 




Pyrimidines 


Pyrantel 

Morantel 




Benzamidazoles 


Triclabendazole 

Fenbendazole 




Others 


Levamisole 

Nitroxynil 


Hormones 




Altrenogest 

Progesterone 

Medroxyprogesterone 

Delmadinone 

Methyltestosterone 

Estradiol benzoate 

Ethenyl estradiol 


Antifungals 


B iguanide/gluconate 


Chlorhexidine 




Azole 


Miconazole 




Other 


Griseofulvin 


Anesthetics 




Isoflurane 

Halothane 

Procaine 

Lido/lignocaine 
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Table 2. (Continued). 



Group 


Chemical class 


Major active ingredients 


Euthanasia products 




Pentobarbitone 


Analgesics 




Metamyzole 


Tranquilizers 




Phenobarbitone 


NSAIDs 




Phenylbutazone 

Caprofen 


Enteric bloat preparations 




Dimethicone 

Poloxalene 



necessary to treat the entire flock or herd at risk. In the UK and Netherlands, 
the available data (FIDIN 2000; Pelicaan et al. 2000; VMD 2001) indicate that 
in 1998 the tetracyclines were the most widely used antibacterial medicines, 
followed by potentiated sulfonamides, p-lactams, macrolides, aminoglycosides, 
fluoroquinolones, and others. Sales data for Norway for 1996 (antibiotics for 
therapeutic use in domestic animals and farmed fish only) showed the sulfon- 
amides and aminoglycosides to be the major compounds used (Grave et al. 
1999). The major active substances used as antibiotics are shown in Table 2. 

C. Endoparasiticides 

Endoparasiticides, which are used to control internal parasites, include anthel- 
mintics (wormers) for the control of gastrointestinal worms, lungworms, and 
flukes as well as antiprotozoals and coccidiostats, which are included in feeding 
stuffs mainly for therapeutic or prophylactic purposes (Bowen 1995). 

A wide range of active ingredients is used to treat gastrointestinal worms, 
liver fluke, and lung worms in poultry, cattle, sheep, and horses. The available 
data (IMS 2000) indicate that ivermectin, a macrolide endectin, is sold in the 
highest amounts (although this may include the sheep treatments already de- 
scribed), followed by the pyrimidines, azoles, and nitroxynil. Data available for 
North America indicate that approximately half the U.S. cattle population is 
treated with an anthelmintic and that approximately 50% of these treatments 
contain ivermectin (Eorbes 1993). 

Coccidiostats and antiprotozoals are often incorporated into feed stuffs for 
medicinal purposes, including prophylactic use for the prevention of diseases 
such as coccidiosis and swine dysentry and therapeutic use for the treatment of 
diseases. Apart from one individual substance (dimetridazole), usage data are 
largely unavailable (IMS 2000). The following compounds are considered to 
be potential major usage compounds within the therapeutic group: amprolium, 
clopidol, lasalocid acid, maduramicin, narasin, nicarbazin, and robenidine hy- 
drochloride. In addition, major usage protozoal compounds include toltrazuril, 
decoquinate, and diclazuril. 
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D. Antifungals 

Antifungal agents are used topically and orally to treat fungal and yeast infec- 
tions. The most common uses include treatment of ringworm and yeast infec- 
tions. The publicly available data indicate that the major active substances used 
are chlorhexidine, miconazole, and griseofulvin. 

E. Aquaculture 

A range of substances is used in aquaculture to treat mainly sea lice infestations 
and furunculosis. The medicines may be applied by injection, in feed, or via 
cage treatments. Substances used include oxytetracycline, oxolinic acid, amoxy- 
cillin, cotrimazine, florfenicol, sarafloxacin, emamectin benzoate, cypermethrin, 
teflubenzuron, azamethiphos, and hydrogen peroxide. 

F. Hormones 

Now banned in the EU as growth promoters, hormones have other uses, includ- 
ing induction of ovulatory estrus, suppression of estrus, systemic progesterone 
therapy, and treatment of hypersexuality. The major active substances used were 
altrenogest and progesterone. 



G. Growth Promoters 

Growth promoters, also called digestive enhancers, are antibiotic compounds 
added to animal feed stuffs to improve the efficiency of food digestion. From 
1993 to 1998, sales of antimicrobial growth promoters remained largely static. 
However, in 1999, sales fell by 69%. This decrease is considered to be due to 
the ban by the EU in mid- 1999 of those growth promoters that may confer 
cross-resistance to antimicrobials in human medicine (VMD 2001). Usage data 
on individual antimicrobial compounds used as growth promoters are limited. 
Sales data for Denmark for 1995 show tylosin and olaquindox as the two com- 
pounds sold in the greatest quantities for use as growth promoters (Jprgensen 
and Halling-Sprensen 2000). Compounds identified as potentially major usage 
growth promoters include monensin, flavophospolipol, and salinomycin sodium. 

H. Others 

Several other therapeutic groups that are used as veterinary medicines in signifi- 
cant quantities include anesthetics, euthanasia products, analgesics, tranquilizers, 
nonsteroidal antiinflammatory drugs (NSAIDS), and enteric preparations. The 
major usage compounds for each therapeutic group are listed in Table 2. In 
addition to these, the following “other” therapeutic groups have also been identi- 
fied as potentially important: antiseptics, steroids, diuretics, cardiovascular and 
respiratory treatments, locomotor treatments, and immunological products. 
However, insufficient information was available to identify individual com- 
pounds and usage within each of these groups. 




Veterinary Medicines 



13 



IV. Pathways to the Environment 

Veterinary medicines enter the environment by a number of different pathways. 
Emissions may occur at any stage in a product’s life cycle, including production 
and during the disposal of the unused drugs, containers, and waste material 
containing the product (manure, fish water, and other dirty water) (Montforts 
1999). A summary of the possible emission routes to the environment is given 
next. The importance of individual routes into the environment for different 
types of medicine varies according to the type of treatment, the route of adminis- 
tration, and the type of animal being treated. 

A. Emissions During Manufacturing and Eormulation 

During the manufacture of an active pharmaceutical ingredient (API) and formu- 
lation of the finished drug product, raw materials, intermediates, or the active 
substance may be released to the air, to water in wastewater, and to land in the 
form of solid waste. During manufacture, the main route of release of drugs into 
the environment is probably via process waste effluents produced during the 
cleaning of active pharmaceutical ingredient and manufacturing equipment used 
for coating, blending, tablet compressing, and packing (Velagaleti and Gill 
2003). Biological and chemical degradation processes such as biotransforma- 
tion, mineralization, hydrolysis, and photolysis are thought to remove most drug 
residues before process waste effluents or sludge solids are discharged to surface 
waters, to sewage treatment works, or released to land (Velagaleti and Gill 
2003). Manufacturing plants employ a number of treatment methodologies and 
technologies to control and treat emissions and minimize the amount of waste 
produced, such as the use of condensers, scrubbers, adsorbent filters, and com- 
bustion or incineration for recovery and removal in air emissions. Neutraliza- 
tion, equalization, activated sludge, primary clarification, multimedia filtration, 
activated carbon, chemical oxidation, and advanced biological systems may be 
used for treatment of waste waters (USEPA 1997). In addition, a number of 
practices are often implemented by the industry to reduce waste generation and 
material losses, including process optimization, production scheduling, materials 
tracking, and waste stream segregation (USEPA 1997). Losses to the environ- 
ment arising during the manufacture or formulation of veterinary medicine prod- 
ucts are likely to be minimal. 



B. Aquaculture 

Chemotherapeutic pharmaceuticals used in fish farming are limited to antiinfec- 
tive agents for parasitic and microbial diseases, anesthetic agents, and medical 
disinfectants. Drugs are commonly administered as medicated feed, by injection, 
or in the case of topical applications as a bath formulation. Bacterial infections 
in fish are usually treated using medicated food pellets, which are added directly 
to pens or cages (Hektoen et al. 1995; Samuelsen et al. 1992a). 

When infected, cultured fish show reduced appetite and thus feed intake. 
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Consequently, a large proportion of medicated feed is not eaten, passes through 
the cages, and is available for distribution to other compartments. Furthermore, 
the bioavailability of many antibacterial agents is relatively low and drugs may 
also enter the environment via feces and urine (Bjorklund and Bylund 1991; 
Hustvedt et al. 1991). In recent years, improved husbandry practices have re- 
duced the amount of waste feed generated, and more recently authorized medi- 
cines have greater bioavailability (F> 95%). Nevertheless, deposition of drugs 
from uneaten feed or feces on or in undercage sediment can be a major route 
of environmental contamination for pharmaceuticals used in aquaculture (Bjork- 
lund et al. 1991; Jacobsen and Berglind 1988; Lunestad 1992). Once present on 
or in sediment, compounds may also leach back into the water column. During 
periods of treatment, some of the drugs entering the environment in waste feed 
and feces are also taken up by exploitative wild fish, shellfish, and crustaceans 
(Capone et al. 1996; Bjorklund et al. 1990; Ervik et al. 1994; Samuelsen et al. 
1992a). 

Where topical applications of chemotherapeutants are made, fish are usually 
crowded into a small water volume for treatment (Burka et al. 1997; Grave et 
al. 1991). Concentrated drugs are added directly to the water of open net-pens 
or ponds, net-pens enclosed by a tarpaulin or tanks. Waste effluent is then either 
released into the surrounding water column or subject to local wastewater treat- 
ment and recycling (filters, settlement basins, and ponds) (Burka et al. 1997; 
Grave et al. 1991; Montforts 1999). In addition, sludge recovered from waste- 
water recycling activities may be applied directly to land or sold as fertilizer 
(Montforts 1999). 



C. Agriculture (Livestock Production) 

Large quantities of animal health products are used in agriculture to improve 
animal care and increase production. Some drugs used in livestock production 
are poorly absorbed by the gut, and the parent compound or metabolites are 
known to be excreted in the feces or urine, irrespective of the method of applica- 
tion (Campbell et al. 1983; Chui et al. 1990; Donoho 1987; Magnussen et al. 
1991; Sommer et al. 1992; Stout et al. 1991). During livestock production, veter- 
inary drugs enter the environment through removal and subsequent disposal of 
waste material, including manure/slurry and “dirty” waters, via excretion of fe- 
ces and urine by grazing animals, through spillage during external application, 
or by direct exposure/discharge to the environment. 

With all hormones, antibiotics, and other pharmaceutical agents administered 
either orally or by injection to animals, the major route of entry of the product 
into the environment is probably via excretion following use and the subsequent 
disposal of contaminated manure onto land (Halling-Sprensen et al. 2001). 
Many intensively reared farm animals are housed indoors for long periods at a 
time. Consequently, large quantities of farmyard manure, slurry, or litter are 
produced that are then disposed of at relatively high application rates onto land 
(ADAS 1998, 1997; Montforts 1999). Although each class of livestock produc- 
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tion has different housing and manure production characteristics, the emission 
and distribution routes for veterinary medicines are essentially similar. As well 
as contaminating the soil column, it is possible for veterinary medicines to leach 
to shallow groundwater from manured fields or even reach surface water bodies 
through surface runoff (Hamscher et al. 2000a-c; Hirsch et al. 1999; Meyer et 
al. 2000; Nessel et al. 1989). In addition, drugs administered to grazing animals 
or animals reared intensively outdoors are deposited directly to land or surface 
water in dung or urine, potentially exposing soil and/or aquatic organisms to 
high local concentrations (Halling-Sprensen et al. 1998; McCracken 1993; 
Montforts 1999; Sommer and Overgaard Nielsen 1992; Sommer et al. 1993; 
Strong 1992, 1993; Strong and Wall 1994). 

Release of substances used in topical applications may also occur. Various 
substances are used externally on animals and poultry for the treatment of exter- 
nal or internal parasites and infection. Sheep in particular suffer from a number 
of external insect parasites for which treatment and protection are sometimes 
obligatory. The main methods of external treatment include plunge dipping, 
pour-on formulations, and the use of showers or jetters. With all externally 
applied veterinary medicines, both diffuse and point-source pollution can occur. 
Sheep-dipping activities provide several routes for environmental contamina- 
tion. In dipping practice, chemicals may enter watercourses through inappropri- 
ate disposal of used dip, leakage of used dip from dipping installations, and 
from excess dip draining from treated animals. Current disposal practices rely 
heavily on spreading used dip onto land (HSE 1997; MAFF 1998). 

Washoff of chemicals from the fleeces of recently treated animals to soil, 
water, and hard surfaces may occur on the farm, during transport, or at stock 
markets. Some market authorities insist animals are dipped before entering the 
market to restrict the spread of disease, thus creating the potential for contami- 
nated runoff from uncovered standing areas (Armstrong and Philips 1998). 
Sheep dip chemicals may also be released to the environment from wool wash- 
ing plants and fellmongers (initial processing stage of leather production) (Arm- 
strong and Philips 1998). Monitoring data (Environment Agency 1998, 2001) 
have demonstrated high numbers of Environmental Quality Standard (EQS) fail- 
ures in the Yorkshire area associated with the textile industry. Although effluent 
produced from the wool washing process is normally treated for the removal of 
pollutants, this process is not always adequately effective and chemicals may 
be released in discharges from the treatment plants. In addition, spills and leaks 
of untreated effluent directly to surface water drains from both fellmongers and 
wool treatment plants can occur (Environment Agency 1999). 

Other topically applied veterinary medicines likely to wash off following use 
include udder disinfectants from dairy units and endectocides for treating cattle 
parasites. Udder washings containing antiinfective agents and contaminated 
dirty water produced by dairy units may enter the environment through soak- 
aways, surface water drains, or via inclusion in stored slurry and subsequent 
application to land. Washoff from the coats/skin of cattle treated with pour-on 
formulations can occur where the animals are exposed to rain shortly after dos- 
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ing (Bloom and Matheson 1993). Residues of drugs in washoff may accumulate 
in localized high concentrations on land with high stocking densities. Contami- 
nated surface runoff from open cattle yards (dirty water) is often collected and 
subsequently spread onto land. In addition, residues may wash off the backs and 
coats of grazing animals such as cattle and sheep that have access to surface 
water bodies as drinking water. 

D. Companion/Domestic Animals 

To date, the environmental fate of veterinary medicines used in companion ani- 
mals (pets) has not been extensively researched, probably because unlike pro- 
duction animals reared in agriculture, companion animals are generally kept on 
a small-scale basis and are therefore not subject to mass medication. Where 
used, drugs are likely to be dispersed into the environment via runoff or leaching 
from on-ground fecal material (Daughton and Ternes 1999). In addition, ecto- 
parasiticides applied externally to canine species may contaminate surface water 
through direct loss from the coat if the animal enters the water. 

E. Disposal of Unwanted Drugs 

Veterinary pharmaceutical drugs may be subject to disposal at any stage during 
their life cycle. It is probably fair to assume that, as with human pharmaceuti- 
cals, a proportion of all prescribed or nonprescribed veterinary medicines will 
be unused and unwanted by the end user. The principal end users of veterinary 
medicines are veterinarians, livestock producers, or domestic users. Disposal of 
veterinary medicines by end users should be interpreted to include damaged, 
outdated, or outmoded animal medicines, as well as used containers and pack- 
ages, contaminated sharps, applicators, and protective clothing (Cook 1995). 
Users are advised to always follow advice on the label regarding disposal and 
never to dispose of such items with domestic rubbish or down the drain or toilet. 

Where appropriate, product label and safety data sheets provided by manu- 
facturers give information relating to the safe disposal of veterinary medicines 
and packaging. In the UK, distributors, veterinary practices, farmers, and feed 
compounders can also contact the manufacturer or local authority for advice, 
especially if large quantities of animal medicines require disposal and collection 
services are operated by some county councils for the periodic disposal of spe- 
cial waste (Cook 1995). Users of companion animal products may return un- 
wanted or unused product to the veterinary surgery or local pharmacist. 

In practice, methods for disposal include flushing down the toilet, incinera- 
tion, and local domestic waste collection. Domestic users will undoubtedly flush 
unwanted medicines down toilets or place them with the domestic refuse (Daughton 
and Ternes 1999). For ectoparasiticides, in particular sheep dips, containers 
should be returned to suppliers for correct disposal to high-temperature incinera- 
tion or a licensed landfill. In the UK, if on-farm disposal is planned, water- 
soluble preparation containers should be triple rinsed before burning or burial 
away from water courses or any land drains, as specified by the Code of Good 
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Agricultural Practice for the Protection of Water (MAFF, 1998). Inappropriate 
disposal of empty containers and unwanted product by careless operators may 
lead to contamination of soil and waters. 

Unwanted or expired products that are returned to the manufacturer are usu- 
ally disposed of through incineration or landfilling at suitable sites (Velagaleti 
and Gill 2003). Where drugs are disposed of in sufficient quantities to unlined 
landfill sites, residues present in the leachate may reach shallow groundwater 
and surface waters (Holm et al. 1995). 



V. Occurrence in the Environment 

Veterinary medicines have been measured in surface waters, groundwaters, sedi- 
ments, slurry/manure, and biota. Monitoring studies have focused on veterinary 
products used in sheep dips, in aquaculture, and as antibiotic treatments for 
livestock (Table 3). 



A. Aquaculture 

During the past two decades, a number of studies have investigated the environ- 
mental impact of chemotherapeutic drugs used in aquaculture. Antibacterial 
drugs are mostly given as medicated food pellets. It is well documented that the 
majority of orally administered chemotherapeutic s ultimately leave the treated 
cages/lagoons as surplus food and enter the environment (Lunestad 1992; Sam- 
uelsen et al. 1992b; Thorpe et al. 1990 cited in Capone et al. 1996). To ensure 
cost-effective treatment, aquaculture facilities endeavor to ensure that most of 
an administered medicine is taken up by the target stock. A discussion of moni- 
toring studies that have been conducted, including measured environmental con- 
centrations, is presented next. 

Emamectin Benzoate and Its Major Metabolite (4" -Epiaminoavermectin Bij) 
Emamectin benzoate is a premix therapeutic agent, effective against several life 
stages of sealice. As part of an environmental risk assessment of emamectin 
benzoate, field monitoring studies were carried out at a fish farm sited on a 
Scottish loch to determine chemical residues in sediment, flocculent material 
retrieved from the loch bed, water, particulate matter, and deployed and indige- 
nous fauna (SEPA 1999). Most samples collected and analyzed contained no 
measurable concentrations of either the parent compound or its major desmethyl- 
amino metabolite [limit of detection (LOD) water, 0.2 pg L '; LOD in sediment, 
flocculent material, particulate matter, and deployed and indigenous fauna, 0.25 
[tg kg ’]. However, a maximum concentration of 5.0 [tg kg ' emamectin benzo- 
ate was recorded 1 week post treatment in hermit crabs, and of 1.23 and 1.99 
[tg kg ' in dogfish and the crab species Munida rugosa, respectively, at the same 
time interval. The compound was also detected in sediment samples collected 
up to 12 months following treatment at levels up to 2.73 [tg kg ’ and just above 
the LOD (0.25 [tg kg ') in 5 of 61 samples of flocculent material collected and 




Table 3. Environmental monitoring data. 
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Sulfadimethoxine Antibiotic ND-60 50 USA Kolpin et al. (2002) 

Tetracycline Antibiotic ND-110 50-100 USA Kolpin et al. (2002) 

Trimethoprim Antibiotic ND-710 14-30 USA Kolpin et al. (2002) 

Tylosin Antibiotic ND-280 50 USA Kolpin et al. (2002) 

Coumaphos Ectoparasiticide 30 10-50 England & Wales EA (1997) 




Table 3. (Continued). 
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analyzed. Water and particulate components collected from silt traps suspended 
2 m above the loch bed were analyzed separately. The parent compound was 
detected at 1.06 pg in water and at 75.1, 154, and 366 pg kg ' in the particu- 
late component. In the same study, the desmethylamino metabolite was detected 
infrequently in sediment and mussel samples above the limit of quantification 
(0.5 and 1.0 pg kg ', respectively). A peak concentration of 30 pg kg ' of the 
metabolite was detected in the particulate component of samples collected in 
silt traps and at a concentration of 2.4 pg L~' in the water component of a 
pretreatment silt trap sample. 

OxoUnic Acid Studies have shown residues of oxolinic acid to be present in 
the surrounding wild fish population and other marine animals during and after 
the medication of cultivated fish (Ervik et al. 1994; Samuelsen et al. 1992a). In 
both studies, wild fauna were captured and monitored within the vicinity of 
aquaculture facilities off the west coast of Norway following treatment with 
oxolinic acid. Maximum reported concentrations of oxolinic acid in the two 
studies were 15.74 pg g ’ for fish muscle, 3.77 pg g ’ for crab muscle, and 
1.48 pg g ’ for mussel tissue. Samuelsen et al. (1992a) demonstrated that tissue 
concentrations had declined to low levels 12 d after treatment. 

In a study conducted off the southwest coast of Finland (Bjorkland et al. 
1991), residues of oxolinic acid were detected in anoxic sediments collected 
below three of five fish farms where fish had been treated. Maximum concentra- 
tions of 0.05-0.2 pg g ’ were measured in sediments for 5 d after treatment of 
the fish. 

Oxytetracycline The environmental fate of oxytetracycline following its use in 
aquaculture has been extensively researched (Bjorklund et al. 1990, 1991; Ca- 
pone et al. 1996; Coyne et al. 1994; Jacobsen and Berglind 1988; Kerry et al. 
1996; Samuelsen et al. 1992a). 

A limited number of studies have investigated residues of oxytetracycline 
in wild fauna (Bjorklund et al. 1990; Capone et al. 1996). Concentrations of 
oxytetracycline in samples of bleak and roach obtained from around a Finnish 
fish farm on the last day of medication ranged from 0.06 to 3 pg g ’ (bleak) and 
from 0.05 to 0.1 pg g ’ (roach) in the muscle tissue (Bjorklund et al. 1990). In 
bleak, concentrations declined to levels at or near the limit of detection soon 
after treatment had finished, whereas in the roach measurable concentrations 
were observed in some fish samples up to 13 d after treatment. Similar low 
concentrations of oxytetracycline in wild fauna were also observed in a study 
conducted in Puget Sound, Washington (USA) (Capone et al. 1996), only trace 
oxytetracycline residues (about 0. 1 pg g ’) being found in oysters or Dungeness 
crab. However, the authors reported drug residues between 0.8 and 3.8 pg g ’ 
in the edible crabmeat of red rock crabs up to 12 d after treatment. Trace con- 
centrations were detected in two red rock crabs collected at 41 and 75 d. 

There is considerable evidence to show that the enriched sediments often 
present under fish farm cages contain residues of oxytetracycline (Bjorklund et 
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al. 1990, 1991; Capone et al. 1996; Coyne et al. 1994; Jacobsen and Berglind 
1988; Kerry et al. 1996; Samuelsen et al. 1992a). Rapid sedimentation is a process 
characteristic of many aquaculture facilities because of debris, mainly feces and 
uneaten food, leaving the cages and accumulating underneath them. Conse- 
quently, sediments containing oxytetracycline may be quickly buried and the 
drug may persist indefinitely. In Norway, oxytetracycline has been found at 
concentrations ranging from 0.1 to 4.9 mg kg ' dry matter (Jacobsen and Berg- 
lind 1988). The authors indicate that antimicrobial effects might be expected at 
these concentrations. 

In a study located in the Baltic Sea, sediment samples collected from two 
farms on the last day of medication were shown to contain oxytetracycline at 
concentrations ranging from 0.05 to 3.8 pg g ’ (Bjorklund et al. 1990). Eight 
days after medication had ceased, drug levels at one farm had decreased to 
below the detection limit (0.05 pg g ’). However, up to 16 pg g ’ was measured 
in sediments taken at the other farm on day 8, and at 308 d the bottom deposits 
still contained between 1.0 and 4.4 pg g ’ sediment. The authors indicate that 
lower temperature and stagnant, anoxic conditions were probably responsible 
for the high concentrations observed. 

In a separate study conducted off the southwest coast of Finland, five sepa- 
rate fish farms were monitored during and up to 12 d after treatment (Bjorklund 
et al. 1991). The maximum concentrations of oxytetracycline detected in the 
sediments were between 2.0 and 6.3 pg g ’. Twelve days after the end of medi- 
cation, levels of the drug had decreased to between 0.8 and 2.5 pg g ’. 

Similarly, low concentrations are reported in an investigation conducted at 
a marine salmon farm situated in Galway Bay, Ireland (Coyne et al. 1994). 
Oxytetracycline was detected in the top 2 cm of sediment samples collected 
from under two adjacent cage blocks following the therapeutic use of the drug. 
Peak concentrations of 10.9 ± 6.5 pg g ’ and 9.9 ± 2.9 pg g ’ were detected on 
the 10th d of treatment and 3 d after its last use, from under cage blocks 6 and 
7, respectively. Approximately 1 mon after treatment, mean concentrations had 
decreased to between 1.6 ± 0.4 and 2.3 ± 0.5 pg g ’. At 66 and 71 d after the 
end of therapy, concentrations were below the limit of detection. 

In a later cage block study at the same site in Galway Bay, oxytetracycline 
was detected at concentrations ranging from 1.3 to 4.5 pg g ’ in the top 2 cm 
of 4 of 1 1 sediment cores collected 5 d after the last administration of medicated 
feed (Kerry et al. 1996). The authors noted that the lower concentrations are 
probably as a result of the reduced treatment rate; 20 kg of the agent was used 
in this study as opposed to the 175 kg used previously. 

Capone et al. (1996) presented an extensive study consisting of field investi- 
gations at three salmon mariculture facilities in Puget Sound, Washington 
(USA). The farms studied were chosen to represent a gradient in the magnitude 
of antihacterial usage. The frequency of detection of oxytetracycline was shown 
to parallel drug use. Residues were rarely detected beneath a farm that used 
very little oxytetracycline (3 kg); however, concentrations between 0.5 and 4 
pg g ’ were commonly detected at a farm that used 1 86 kg in a single prophylac- 
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tic treatment period. Significantly, oxytetracycline residues (0.2-2 |j,g g ‘) were 
measured in surficial and subsurface sediments before treatment. The authors 
believe that these persistent residues are probably due to drug usage during the 
previous summer or earlier. 

In contrast to the foregoing investigations, much larger concentrations of 
oxytetracycline were detected by Norwegian researchers under a salmon farm 
situated off the west coast of Norway (Samuelsen et al. 1992b). Following a 
single 10-d therapeutic use of the drug, peak concentrations of 189 and 285 |J,g 
g ' were detected in under-cage sediment cores collected over a period of 18 
mon after medication. The disparity in results obtained in this study with previ- 
ous studies is considered an artefact of gross overfeeding at the farm (Coyne et 
al. 1994; Kerry et al. 1996; Smith 1996). 

Flumequine In Europe, flumequine is only permitted for use in Norway (Al- 
derman and Hastings 1998). To date, only a single study has sought to quantify 
environmental concentrations following use of the compound in aquaculture. 
Researchers in Norway recorded mean muscle concentrations between 0.06 and 
1.12 mg kg^' in the muscle of wild fish caught in the vicinity of a farm the day 
after termination of treatment (Ervik et al. 1994). 

Ivermectin Eollowing oral administration, ivermectin is mainly excreted in an 
unchanged form (H0y et al. 1990). Given this, a variety of modeling approaches 
have attempted to estimate the extent to which orally administered ivermectin 
will accumulate in sediments under fish farms (Davies et al. 1998). The presence 
of ivermectin in sediments has also been investigated at a small number of 
commercial fish farms. Unpublished work from two studies, for which a limit 
of quantitation of 10 and 50 ng g ' was achieved, failed to detect any ivermectin 
residues in sediments (Kwok, unpublished data; Nixon E, unpublished data, 
cited in Canavan et al. 2000). In a third monitoring study, quantifiable residues 
of ivermectin, measured as H 2 Bia, the secondary butyl compound of ivermectin, 
were detected in sediments under and adjacent to salmon cages situated approxi- 
mately 1 km offshore on the west coast of Ireland (Canavan et al. 2000). Sedi- 
ment cores were collected on the final day of a 4-mon period in which the 
drug was administered twice weekly. Ivermectin was detected at concentrations 
between 1.4 and 6.8 ng g ' to a depth of 12 cm in cores collected from under 
cages and up to 3 1 m away from the edge of the cage block. In addition, analysis 
of the top 2 cm of three sediment samples that had previously been collected 
from the same farm but stored for 4-5 yrs revealed H 2 Bia concentrations be- 
tween 1.4 and 5.6 ng g ’. 



B. Agriculture 



Sheep-Dipping Chemicals Extensive monitoring studies have been performed 
in the UK for sheep dip chemicals (Environment Agency 1998, 2001). Monitor- 
ing data for England and Wales in the year 2000 demonstrated that the organo- 
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phosphate substances diazinon and propetamphos were detected in surface wa- 
ters more frequently than chlorfenvinphos and the pyrethroids. Diazinon was 
detected in 498 of 4186 samples at concentrations ranging from 1 to 550 ng L 
whereas propetamphos was detected in 168 of 3773 samples at concentrations 
ranging from 1 to 1 1,738,000 ng L Chlorfenvinphos, cypermethrin, and flume- 
thrin were detected in much fewer samples at 1-242 ng L ', 1-85,100 ng L ', 
and 1-2,190 ng L~' respectively. Chlorfenvinphos, diazinon, and propetamphos 
were detected infrequently in groundwaters and marine waters, with maximum 
reported concentrations being 20, 240, and 58 ng L ', respectively. 



Antibacterials and Anthelmintics in Soil Several veterinary drugs have been 
detected in soil that has been amended with animal manure. To date, the major- 
ity of data have been produced by a group of researchers in Germany. In three 
separate investigations, soil samples collected from regions with intensive live- 
stock production were analyzed for frequently used drugs (Hamscher et al. 
2000a-c). In the first study, soil samples were collected at various depths from 
eight fields in the Lower Saxony region that had been manured with slurry 2 d 
before sampling (Hamscher et al. 2000a). In the upper 10 cm of the soil samples, 
9-12 |ag kg ' of chlortetracycline, oxy tetracycline, and tetracycline were de- 
tected, with trace concentrations of tylosin also found. Concentrations of the 
three tetracycline compounds decreased with depth to about 1 |ig kg ’ below 
60 cm. 

In a subsequent study conducted in Northern Germany, soil samples were 
collected and analyzed from 12 different agricultural fields, 4-5 mon after being 
treated with animal slurry (Hamscher et al. 2000b). Tetracycline and chlortetra- 
cycline were detected in the top 30 cm of nearly all samples at concentrations 
between 1-32.2 and 1.2-26.4 |ag kg ', respectively. In a follow-on study con- 
ducted by the same researchers, the average distribution of tetracycline in the 
top 30 cm of soil amended with animal slurry was between 20 and 40 |ag kg ' 
(Hamscher et al. 2000c). Levels of chlortetracycline were generally below 5 (tg 
kg ', although a peak concentration of 41.8 (tg kg ' was detected at a depth of 
0-10 cm in one soil sample. 

Elsewhere, information on residues of veterinary medicines in soil is particu- 
larly scarce. American researchers detected trace amounts (—0.1-2 |a,g kg ') of 
ivermectin in the top (0-7.5 cm) of soil in a cattle feedlot housing animals 
treated 28 d previously (200 (tg kg ' body weight) (Nessel et al. 1989). The 
authors suggested the concentrations detected in the soil are probably as a result 
of the feces being trampled into the mud and subsequently being protected from 
light, thus retarding degradation. 



Surface Water Whilst monitoring sewage treatment screens and associated sur- 
face waters for 18 different antibiotic substances, residues of chloramphenicol 
were detected by German researchers at 0.06 and 0.56 (tg L~' (Hirsch et al. 
1999). The authors point out that as its use in human medicine is extremely 
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limited, the two positive detections are more likely to result from its sporadic 
veterinary use in fattening farms. 

In studies for the Centers for Disease Control and Prevention (CDC), the 
U.S. Environmental Protection Agency (USEPA) and U.S. Geological Survey 
(USGS) sampled and analyzed liquid waste from hog lagoons, 13 in three states, 
and surface and groundwater from areas associated with intensive swine and 
poultry production, 52 from seven states (Meyer et al. 2000). All samples were 
analyzed for chlortetracycline. Although the compound was detected at up to 
several hundred parts per billion in lagoon samples, it was only found in one 
surface water sample, at 0.5 pg L ’ (LOD). 

A number of veterinary medicines (including chlortetracycline, erythromy- 
cins-H 20 , lincomycin, oxytetracycline, sulfadimethoxine, tetracycline, trimetho- 
prim, and tylosin) were detected in a recent monitoring study in the U.S. (Kolpin 
et al., 2002). The maximum reported concentration of 1.7 mg L ' was observed 
for erythromycin-H20. 

Groundwater There are only a few reports of veterinary medicines being de- 
tected in groundwater (Hamscher et al. 2000a; Hirsch et al. 1999). In an exten- 
sive monitoring study conducted in Germany, a large number of groundwater 
samples were collected from agricultural areas to determine the extent of con- 
tamination by antibiotics (Hirsch et al. 1999). The data show that in most areas 
with intensive livestock breeding, no antibiotics were present above the LOD 
(0.02-0.05 pg L *). Sulfonamide residues were, however, detected in four sam- 
ples. Although the source of contamination of two of these is considered to be 
attributable to irrigation with sewage, the authors conclude that sulfamethazine, 
detected at concentrations of 0.08 and 0.16 pg L ', could possibly have derived 
from veterinary applications, as it is not used in human medicine. 

In the investigations of Hamscher et al. (2000a), soil water was collected and 
analyzed from four separate areas of agricultural land: two belonging to live- 
stock farms and treated with animal slurry, and two where no animal manure 
had been applied for approximately 5 yr. Chlortetracycline, oxtetracycline, tetra- 
cycline, and tylosin were all found at the LOD (0.1 -0.3 pg L *) in water samples 
collected at 80 and 120 cm depth, independent of soil treatment. In addition, no 
biologically active residues could be detected with microbiological assays that 
had approximately fivefold-higher detection limits. 

Veterinary medicines are also known to leach from landfill sites. In Denmark, 
high concentrations (parts per million) of numerous sulfonamides were found in 
leachates close to a landfill site where a pharmaceutical manufacturer had pre- 
viously disposed of large amounts of these drugs over a 45-yr period (Holm et 
al. 1995). Concentrations dropped off significantly tens of meters down gradi- 
ent, most probably a result of microbial attenuation. Although this is recognized 
as a specific problem, the disposal of smaller quantities of veterinary medicines 
to a landfill should nevertheless be considered a potential route for environmen- 
tal contamination. 
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Surface/Subsurface Runojf So far, only two studies have investigated the oc- 
currence of veterinary drugs in surface or subsurface runoff. In a post-approval 
study carried out for Merck & Co., the runoff from a cattle feedlot following 
injection of five steers with ivermectin at 200 pg kg ' body weight was collected 
and analyzed for six separate time periods (Nessel et al. 1989). Samples were 
collected during the 7 d before treatment, to establish baseline data, and during 
four consecutive 7-d periods following injection. The authors reported trace 
amounts of ivermectin (1.1 -1.2 ng L ') detected in two surface water samples 
collected, 0-6 and 14-20 d post treatment, and 2 ng L ' of ivermectin in the 
surface water of a pen flood irrigated on day 28 after the treated animals had 
been removed. In the 7-d period before treatment, ivermectin was detected at 
3. 2-4.4 ng L~' and 0.8-1. 5 ng L ’ in surface and subsurface water, respectively. 

A recent study by Boxall et al. (2002) demonstrated that antibiotics applied 
to soil in pig slurry are rapidly transported to field drains and are then trans- 
ported to surface waters in subsurface drainage systems. Maximum concentra- 
tions in drainflow of 590 pg L ’ were recorded for the sulfonamide antibiotic 
sulfachloropyridazine. 

Runoff from Topical Application Veterinary drugs in topically applied formu- 
lations have the potential to be washed off the backs of treated animals exposed 
to rain shortly after dosing. In a wash-off study conducted by Merck & Co., 
animals were treated with a topical dose of ivermectin (500 pg kg ’ body 
weight) and then 6 hr later subjected to 12.5-mm artificial rainfall over a 10- 
min period (Bloom and Matheson 1993). Approximately 0.6% (714 pg) of the 
applied dose was recovered in the wash-off water (5.4 L). The average concen- 
tration of ivermectin was determined to be 1.32 pg L '. 



VI. Metabolism and Environmental Fate 

Once administered to an animal, veterinary products may be metabolized and 
the resulting metabolites excreted, with any remaining parent compound, in 
urine and feces. The resulting excreta may be released directly to land or stored 
and applied to land at a later stage. Once released into the environment, veteri- 
nary medicines will be transported and distributed among the major environ- 
mental compartments (soil, air, surface waters, sediment, and biota). The result- 
ing concentrations in these compartments will be determined by a number of 
factors and processes, including dosage of compound, the physicochemical 
properties of the substance, degradation in manure and slurry, partitioning to soil 
and sediment, abiotic and biotic degradation, and environmental characteristics 
including soil type and climatic conditions. A number of studies have investi- 
gated the metabolism and environmental behavior of veterinary medicines. The 
available data are given in Tables 4, 5, and 6, and a detailed discussion of some 
of these factors and processes follows. 




32 



A.B.A. Boxall et al. 



A. Metabolism of Veterinary Medicines 

For compounds that are administered by injection, some of the dose may remain 
at the injection site for some time and therefore may not be absorbed. For com- 
pounds that are administered orally, the amount absorbed can range from a small 
proportion to about 100%. Once absorbed, the product may undergo phase 1 
metabolism followed by phase II metabolism. These reactions may produce po- 
lar metabolites that are excreted in the urine or feces. If the compound is not 
metabolized, then it may be excreted unchanged. Consequently, animal feces 
may well contain a mixture of the parent compound and metabolites. The envi- 
ronmental impact of the parent and major metabolites should therefore be con- 
sidered in any assessment of risk. A summary of the metabolism of the major 
therapeutic classes of veterinary medicinal products is given in Table 4. 

B. Fate in Manure and Slurry 

On livestock farms where animals are housed, large quantities of farmyard ma- 
nure (animal urine and feces along with fouled bedding material) and/or slurry 
(urine, feces, and washing-down water) are produced. Both can be either stored 
in manure pits for subsequent application or applied immediately to land as an 
organic matter supplement and fertilizer (Velagaleti and Gill 2003). The storage 
time for slurry varies from 0 to 50 mon, with an average of 9 mon, and for 
manure from 0 to 48 mon, with an average of about 6 mon (WRc-NSF 2000). 
Consequently, there is the potential for veterinary medicines to be degraded 
during a period of storage. 

Data are available on the persistence in manure of a range of commonly used 
classes of antibiotic veterinary medicines (Table 5). Sulfonamides, aminoglyco- 
sides, p-lactams, and macrolides have half-lives of 30 d or less and are therefore 



Table 4. Metabolism of major therapeutic classes of veterinary medicines. 



Therapeutic class 


Chemical group 


Metabolism 


Antimicrobials 


Tetracyclines 


Minimal 


Antimicrobials 


Potentiated sulphonamides 


High 


Endoparasiticides, coccidiostats 


— 


Moderate-high 


Antimicrobials 


Macrolides 


Minimal 


Antimicrobials 


Aminoglycosides 


Minimal-high 


Endoparasiticides, wormers 


Azoles 


Moderate 


Endoparasiticides, wormers 


Macrolide endectins 


Minimal-moderate 


Antimicrobials 


Others 


Moderate-high 


Antimicrobials 


Lincosamides 


Moderate 


Antimicrobials 


Fluoroquinolones 


Minimal-high 


Endoparasiticides, antiprotozoals 


— 


Minimal-high 


Endectocides 


Macrocyclic lactones 


Minimal-high 



Minimal: <20%; moderate: 20%-80%; high: >80%. 
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likely to be significantly degraded during manure/slurry storage (although no 
data are available on the fate of the degradation products). In contrast, ivermec- 
tin, tetracyclines, and quinolones have longer half-lives and are therefore likely 
to be more persistent. 



C. Fate in Soil 

When a veterinary medicine reaches the soil, it may partition to the soil parti- 
cles, run off to surface water, leach to groundwater, or be degraded. Data are 
available on the sorption behavior of antibiotics, sheep dip chemicals, and avermec- 
tins in soils (Table 6). The degree to which veterinary medicines may adsorb to 
particulates varies widely. Consequently, the mobility of different veterinary medic- 
inal products also varies widely. Partition coefficients (Ki) range from low (0.6 L 
kg ') to high (6000 L kg ') adsorption (Kqc, the organic normalized partition coeffi- 
cient, ranges from 40 to 1.63 X lO’ L kg '). In addition, the variation in partitioning 
for a given compound in different soils can be significant, up to a factor of 30 for 
efrotomycin. This variation does not appear to be reduced by normalization to the 
organic carbon content of the soils for most of the compounds. 

The range of partitioning values can be explained by studies addressing the 
sorption of tetracycline and enrofloxacin. The results suggest that surface inter- 
actions of these compounds with clay minerals are responsible for the strong 
sorption to soils. The underlying processes are cation exchange (tetracycline at 
low pH) and surface complexation with divalent cations sorbed at the clay sur- 
faces (tetracycline at intermediate pH and enrofloxacin). Thus, to arrive at a 
realistic assessment of the availability of these compounds for transport through 
the soil and uptake into soil organisms, soil chemistry may not be reduced to 
the organic carbon content, and the clay content, pH of the soil solution, and the 
coverage of the ion-exchange sites need to be considered. 

The main route for degradation of veterinary medicines in soils is via aerobic 
soil biodegradation. Degradation rates in soil vary, with half-lives ranging from 
days to years (Table 7). Degradation of veterinary medicines is affected by 
environmental conditions such as temperature and pH and the presence of spe- 
cific degrading bacteria that have developed to degrade groups of medicines 
(Gilbertson et al. 1990; Ingerslev and Halling-Sprensen 2001). As well as vary- 
ing significantly between chemical classes, degradation rates for veterinary med- 
icines also vary within a chemical class. For instance, of the quinolones, ola- 
quindox can be considered to be only slightly persistent (half-life, 6-9 d) 
whereas danofloxacin is very persistent (half-life, 87-143 d). In addition, pub- 
lished data for some individual compounds show persistence varies according 
to soil type and conditions. In particular, diazinon was shown to be relatively 
impersistent (half-life, 1.7 d) in a flooded soil that had been previously treated 
with the compound, but was reported to be very persistent in sandy soils (half- 
life, 88-112 d) (reported in Lewis et al. 1993). Of the available data, coumaphos 
and emamectin benzoate were the most persistent compounds in soil with half- 
lives of 300 and 427 d, respectively, whereas tylosin and dichlorvos were the 
least persistent, with half-lives of 3-8 and <1 d, respectively. 
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When manure is combined with soil, degradation may be enhanced. Temper- 
ature has also been shown to significantly affect the rate of degradation of a 
compound. For example, a half-life of 91-217 d was recorded for ivermectin in 
a soil/feces mixture during winter weather conditions (Halley et al. 1993). In 
contrast, the compound was shown to degrade much more rapidly in a soil/feces 
mixture during the summer period, with a half-life of 7-14 d being measured 
(Halley et al. 1989). The timing of application of manure/slurry to land may 
therefore be a significant factor in determining the subsequent degradation rate 
of a compound. Depending on the nature of the chemical, other degradation and 
depletion mechanisms may occur, including soil photolysis and hydrolysis. The 
degradation products of both photolytic and hydrolytic degradation processes 
may undergo aerobic biodegradation in upper soil layers or anaerobic degrada- 
tion in deeper soil layers. 



D. Fate in Surface Waters 

A number of studies have investigated the persistence of veterinary medicines 
in surface waters and freshwater and marine sediment (see Table 7). Substances 
may be degraded abiotically via photodegradation and/or hydrolysis or biotically 
by aerobic or anaerobic organisms. The quinolones, tetracyclines, ivermectin, 
and furazolidone are all rapidly photodegraded with half-lives ranging from <1 
hr to 22 d (Davis et al. 1993; Halley et al. 1993; Lunestad et al. 1995; Oka et 
al. 1989). In contrast, trimethoprim, ormethoprim, and the sulfonamides are not 
readily photodegradable (Lunestad et al. 1995). Of the compounds studied in 
terms of potential to hydrolyze, ceftiofur is the only compound to be rapidly 
hydrolyzed, with a half-life of 8 d at pH 7 (Gilbertson et al. 1990). Propetam- 



Table 5. Persistence of veterinary medicines in manure. 



Chemical group 


Compound 


Half-life (d) 


Persistence class“ 


Aminoglycosides 


Unspecified'’ 


30 


Moderately persistent 


Beta-lactams 


Unspecified'’ 


5 


Slightly persistent 


Macrolides 


Tylosin 


<2 


Impersistent 




Unspecified'’ 


21 


Slightly persistent 


Macrolide endectins 


Ivermectin 


>45 


Moderately persistent 


Quinolones 


Unspecified'’ 


100 


Very persistent 


Sulfonamides 


Sulfachloropyridazine 


<8 


Slightly persistent 




Unspecified'’ 


30 


Moderately persistent 


Tetracyclines 


Unspecified'’ 


100 


Very persistent 


Others 


Amprolium 


>8 


Slightly persistent 




Meticlorpindol 


>8 


Slightly persistent 




Nicarbazin 


>8 


Slightly persistent 



^Classification of persistence [taken from Hollis (1991)]: impersistent, DT 50 < 5 d; slightly persis- 
tent, DT 50 5-21 d; moderately persistent, DT 50 22-60 d; very persistent, DT 50 > 60 d. 
'’Halling-Sprensen et al. (unpublished). 
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Table 6. Sorption data for veterinary medicines. 


Compound 


Test matrix 


Ki 


Koc 


Reference 


Avermectin Bi^, 


Clay loam soil 


147 (131-161) 


5,300 


Gruber et al. 










(1990) 




Sand 


17.4 (9.74-29.1) 


30,000 






Silt loam soil 


80.2 (30.2-144) 


6,600 




Chlorfenvinphos 


— 


— 


295 


Briggs (1981) 


Ciprofloxacin 


Centric flurisol 


427 


61,000 


Nowara et al. 










(1997) 


Efrotomycin 


Silt loam soil 


18 


1,460 


Yeager and Halley 










(1990) 




Loam soil 


8.3 


580 






Sandy loam soil 


51 


8,000 






Clay loam soil 


290 


11,000 




Enrofloxacin 


Rhodic ferrasol 


3,037 


186,342 


Nowara et al. 










(1997) 




Glegic cambisol 


5,612 


768,740 






Haplic podsol 


1,230 


99,975 






Rendzic leptosol 


260 


16,506 






Centric flurisol 


496 


70,914 






Montmorollonite 


6,310 


— 






Kaolinite 


3,548 


— 






Illite 


4,670 


— 






Vermiculite 


5,986 


— 




Coumaphos 


— 


— 


5,778-21,120 


Tomlin (1997) 


Deltamethrin 


— 


— 


460,000- 


Tomlin (1997) 








16,300,000 




Diazinon 


— 


— 


229 


Briggs (1981) 




— 


— 


1,549 


Melancom et al. 










(1986) 


FCQA 


Centric flurisol 


285 


40,714 


Nowara et al. 










(1997) 


Ivermectin 


Clay loam 


333 


12,600 


Halley et al. 










(1989) 




Silty clay loam 


227 


15,700 




Metronidazole 


Sandy loam soil 


0.67 


42 


Rabplle and Spliid 










(2000) 




Sandy soil 


0.54 


39 






Sandy loam soil 


0.62 


56 






Loamy sand soil 


0.57 


38 




Ofloxacin 


Centric flurisol 


309 


44,143 


Nowara et al. 










(1997) 


Olaquindox 


Sandy loam soil 


1.67 


104 


Rabplle and Spliid 










(2000) 




Sandy soil 


1.21 


86 






Sandy loam soil 


1.27 


116 






Loamy sand soil 


0.69 


46 
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Table 6. (Continued). 



Compound 


Test matrix 


Ad 


Aoc 


Reference 


Oxytetracycline 


Sandy loam soil 


680 


42,506 


Rabplle and Spliid 










(2000) 




Sandy soil 


670 


47,881 






Sandy loam soil 


1,026 


93,317 






Loamy sand soil 


417 


27,792 




Sulfamethazine 


Clay loam soil 


0.6 


60 


Thurman and 










Lindsey (2000) 


Tetracycline 


Clay loam soil 


>400 


40,000 


Thurman and 










Lindsey (2000) 


Tylosin 


Sandy loam soil 


128 


7,988 


Rabplle and Spliid 










(2000) 




Sandy soil 


10.8 


771 






Sandy loam soil 


62.3 


5,664 






Loamy sand soil 


8.3 


553 





FCQA: fluorochloroquinolone carboxylic acid. 



phos was rapidly hydrolyzed at pH 3 (11 d), but hydrolysis at pH 6 and 9 was 
slower (1 yr and 41 d, respectively) (Lewis 1998). 

Of the organophosphorous compounds that have previously been authorized 
for use in ectoparasitic sheep dip preparations, chlorfenvinphos, coumaphos, and 
dichlorvos are all relatively impersistent in biologically active water, with half- 
lives ranging from <1 to <25 d (Lewis 1998; Lewis et al. 1993; Tomlin 1997). 
Flumethrin, a synthetic pyrethroid also used as a sheep dip ectoparasiticide, was 
much more persistent in water, with a half-life >3 mon. 

E. Fate in Sediment 

A large body of data exists on the degradability of veterinary medicines used 
for aquaculture in both marine and freshwater sediments (Bjorklund et al. 1990; 
Bohm 1996; Chien et al. 1999; Coyne et al. 1994; Hansen et al. 1993; Hektoen 
et al. 1995; Jacobsen and Berglind 1988; Lai et al. 1995; Lunestad et al. 1995; 
Marengo et al. 1997; Pouliquen et al. 1992; Samuelsen 1989; Samuelsen et al. 
1991, 1992b, 1994). Of the compounds studied to date, florfenicol, chloram- 
phenicol, and furazolidone were the least persistent, with half-lives of 0.4-18.4 
d (see Table 7). The other substances studied (flumequine, ormethoprim, oxytet- 
racycline, oxolinic acid, sarafloxacin, sulfadiazine, sulfadimethoxine, and tri- 
methoprim) persisted in sediments with half-lives being generally >30 d. 

VII. Environmental Hazard 

With the exception of coccidiostats, pyrimidine wormers, growth promoters, 
barbiturates, cephalosporin derivatives, biguanide/gluconates, NSAIDs, hor- 
mones, antiprotozoals, and enteric preparations, data were publicly available on 
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Table 7. Degradation data for veterinary medicines in soil, sewage sludge, and manure. 



Compound Test matrix/system Half-life (d) Reference 



Ampicillin 

Amprolium 



Bacitracin 



Bambermycins 



Ceftiofam 

Ceftiofur 



Chloramphenicol 



Chlorfenvinphos 



Sewage treatment 

Laying hen feces 

Broiler feces 

Soil and chicken 
manure (20 °C) 
Soil and chicken 
manure (30 °C) 
Soil and chicken 
manure (20 °C) 
Soil and chicken 
manure (30 °C) 
OECD 301 D 

Clay loam soil 
Sandy soil 
Silty clay loam soil 
Aqueous hydrolysis 
(pH 5) 

Aqueous hydrolysis 
(pH 7) 

Aqueous hydrolysis 
(pH 9) 

Sediment (aerobic) 
Sediment (anaerobic) 
Marine sediment 
(aerobic) 

Marine sediment 
(anaerobic) 
Freshwater sediment 
(aerobic) 

Freshwater sediment 
(anaerobic) 

Marine sediment 
(aerobic) 

Marine sediment 
(anaerobic) 

Field dtso 

Biodegradation in 
water 

Sandy loam 



48% biodegradable 

30% degraded after 
3 mon 

34% degraded after 
8 d 
22.5 

12 

<25 

<30 

10% degraded after 
40 d 
22.2 

49.0 
41.4 
100 

8.0 

4.2 

<12 

<4 

2.4-18.4 

0.4-2.4 

Rate 1.9-6. 6 mg 
L-i d-i 

Rate 20.6-24.8 mg 
L-i d-i 

Rate 1. 9-6.0 mg 
L-i d-i 

Rate 17.7-20.9 mg 
L-i d-i 
4-30 wk 

<25 

<5 wk 



Richardson and Bowron 
(1985) 

van Dijk and Keukens 

(2000) 



Gavalchin and Katz 
(1994) 



Gavalchin and Katz 
(1994) 



Al-Ahmad et al. (1999) 
Gilbertson et al. (1990) 



Lai et al. (1995) 
Chien et al. (1999) 



Bohm (1996) 



Reported in Lewis 
(1998) 
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Table 7. {Continued). 



Compound 


Test matrix/system 


Half-life (d) 


Reference 




High OM soil 


< 9 wk 


Reported in Lewis et al. 








(1993) 




Sand 


< 4 mon 






Peat 


< 4 mon 




Chlorhexidine 


Sewage treatment 


Nondegradable 


Richardson and Bowron 








(1985) 


Chlortetracycline 


Soil and chicken 


44% removed after 


Gavalchin and Katz 




manure (30 °C) 


30 d 


(1994) 




Soil and chicken 


No degradation after 






manure (20 °C) 


30 d 




Ciprofloxacin 


OECD 301 D 


No degradation after 


Al-Ahmad et al. (1999) 






40 d 




Coumaphos 


Photolysis on soil sur- 


23.8 d 


Tomlin (1997) 




face 








Distilled water, pH 4 


33 


Reported in Lewis et al. 




Pond water, pH 5.5 


<7 


(1993) 




Distilled water, pH 


347 






7.0 

Distilled water, pH 


29 






8.5 

Sandy loam soil 


300 






Silty loam soil 


200 




Cypermethrin 


Hydrolysis in soil 


Within 16 wk 


Tomlin (1997) 




Degradation in water 


5 




Danofloxacin 


Three different soil 


87-143 


Chen et al. (1997) 




types 






Deltamethrin 


Microbial degradation 


Within 1-2 wk 


Tomlin (1997) 




in soil 








DT 50 laboratory 


21-25 






aerobic 








DT 50 laboratory 


31-36 






anaerobic 
Field DT 50 


<23 




Diazinon 


Water pH 3.1, 20 °C 


0.5 


Reported in Lewis et al. 








(1993) 




Water pH 7.4, 20 °C 


185 






Water pH 10.4, 20 °C 


6 






Solution, pH 5.0, 


3.8 






20 °C 

Solution, pH 7.0, 


78 






20 °C 

Solution, pH 9.0, 


40 






20 °C 

Solutions 0-28% 


>100 






salinity, 10 °C 
Solutions 0-28% 


55 to >85 






salinity, 20 °C 
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Table 7. (Continued). 



Compound 


Test matrix/system 


Half-life (d) 


Reference 




Water pH 6.4-6. 8 


<30 






Sterile soil, pH 4.7 


43.8 






Sterile sandy loam 


88 






Sterile organic soil 


46 






Soil (previously 


1.7 






treated), pH 6.0 
Soil (not previously 


9.9 






treated) 

Soil, type not given. 


11 






25 °C 

Loam soil, 10 °C 


21-35 






Humic, sandy soil. 


112 






10 °C 

Photodegradation in 


12-132 hr 






soil 






Dichlorvos 


Soil and water sys- 


<1 


Tomlin (1997) 




tems 






Emamectin benzoate 


Hydrolysis pH 


Stable over 6 wk 


SEP A (1999) 




5.2-8.0 








Hydrolysis pH 9 


19.5 wk 






Photolysis in solution 


1.4-22.4 






Photolysis/ 


5 






biodegradation in 
soil 






Erythromycin 


Sewage treatment 


Nonbiodegradable 


Richardson and Bowron 








(1985) 


Ethinyl estradiol 


Activated sludge STW 


99.9% removal 


Temes et al. (1999) 




Biological filter STW 


92% removal 






Activated sludge STW 


64% removal 




Elorfenicol 


Marine sediment (0-1 


1.7 


Hektoen et al. (1995) 




cm depth) 

Marine sediment (5-7 


7.3 






cm depth) 






Elumequine 


Marine sediment (0-1 


60 


Hektoen et al. (1995) 




cm depth) 

Marine sediment (5-7 


>300 






cm depth) 
Marine sediment 


155 


Hansen et al. (1993) 




Marine sediment 


No degradation after 


Samuelsen et al. (1994) 






180 d 






Photodegradation in 


96% degraded after 


Lunestad et al. (1995) 




water 


9 d 




Elumethrin 


Polluted water, 20 °C 


>9 mon 


Reported in Lewis 








(1998) 




Clean water, 30 °C 


>3 mon 




Eurazolidone 


Marine sediment 


0.75 


Samuelsen et al. (1991) 




Photodegradation in 


92% degraded after 


Lunestad et al. (1995) 




water 


9 d 
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Table 7. {Continued). 



Compound 


Test matrix/system 


Half-life (d) 


Reference 


Ivermectin 


Photodegradation in 


<0.5 


Halley et al. (1993) 




water 








Soil/feces mixtures 


7-14 






(summer) 

Soil/feces mixtures 


91-217 






(winter) 

Sandy loam soil 


14-28 


Bull et al. (1984) 




Clay soil 


28-56 






Sandy soil 


56 






Dung 


Limited degradation 


Sommer et al. (1992) 






after 45 d 




Meropenem 


OECD 301 D 


7% degraded after 


Al-Ahmad et al. (1999) 






40 d 




Meticlorpindol 


Laying hen feces 


68% degraded after 


Van Dijk and Keukens 






3 mon 


(2000) 




Broiler feces 


12% degraded after 








8 d 




Metronidazole 


Clay soil 


13.1-26.9 


Ingerslev and Halling- 








Sprensen (2001) 




Sandy soil 


9.7-14.7 


Kummerer et al. (2000) 




Closed bottle test 


Nondegradable 




Nicarbazin 


Broiler feces 


41% degraded after 


Van Dijk and Keukens 






8 d 


(2000) 


Olaquindox 


Clay soil 


5.8-7.5 


Ingerslev and Halling- 








Sprensen (in press) 




Sandy soil 


5.9-8.8 




Ormethoprim 


Marine sediment 


<30 


Samuelsen et al. (1994) 




Photodegradation in 


No degradation over 


Lunestad et al. (1995) 




water 


42 d 




Oxytetracycline 


Marine sediment (0-1 


151 


Hektoen et al. (1995) 




cm depth) 

Marine sediment (5-7 


>300 






cm depth) 
Marine sediment 


9-419 


Bjorklund et al. (1990) 




Marine sediment 


16 


Coyne et al. (1994) 




Marine sediment 


125 


Hansen et al. (1993) 




Marine sediment 


30-64 


Samuelsen (1989) 




Marine sediment 


70 


Jacobsen and Berglind 








(1988) 




Marine sediment 


87-144 


Samuelsen et al. (1992) 




Marine sediment 


41-83 


Pouliquen et al. (1992) 




Marine sediment 


No degradation after 


Samuelsen et al. (1994) 






180 d 






Sediment (aerobic) 


<47 d 


Lai et al. (1995) 




Sediment (anaerobic) 


No degradation after 








70 d 






Photodegradation in 


96% degraded after 


Lunestad et al. (1995) 




water 


9 d 
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Table 7. (Continued). 



Compound 


Test matrix/system 


Half-life (d) 


Reference 




Freshwater sediment 
(aerobic) 

Marine sediment 
(aerobic) 


Rate 1. 5-3.0 mg 
L-i d-i 

Rate 1. 3-2.7 mg 
L-i d-i 


Bohm (1996) 


Oxolinic acid 


Marine sediment (0-1 
cm depth) 

Marine sediment (5-7 
cm depth) 


151 

>300 


Hektoen et al. (1995) 




Marine sediment 


165 


Hansen et al. (1993) 




Marine sediment 


48 


Samuelsen (1992a) 




Marine sediment 


No degradation after 
180 d 


Samuelsen et al. (1994) 




Photodegradation in 
water 


88% degraded after 
9 d 


Lunestad et al. (1995) 


Penicillin 


OECD 301 D 


36% degraded after 
40 d 


Al-Ahmad et al. (1999) 




Mixture of soil and 
chicken manure 


<3 h 


Gavalchin and Katz 
(1994) 


Propetamphos 


Hydrolysis pH 3 

Hydrolysis pH 6 
Hydrolysis pH 9 
Photolysis in aqueous 
solution 


11 

1 yr 

41 

5 


Reported in Lewis 
(1998) 


Sarafloxicin 


Marine sediment (0-1 
cm depth) 

Marine sediment (5-7 
cm depth) 


151 

>300 


Hektoen et al. (1995) 




Marine sediment 
Loam soil 
Silt loam soil 


0.06% degraded 
after 83 d 
87-92% degraded 
after 80 d 
82-89% degraded 
after 80 d 


Marengo et al. (1997) 




Sandy loam soil 
Loam soil 
Silty clay loam soil 
Sandy clay loam soil 


69-82% degraded 
after 80 d 
0.66% degraded 
after 65 d 
0.43% degraded 
after 65 d 
0.40% degraded 
after 65 d 


Velagaleti et al. (1993) 




Photodegradation in 
water 


< 1 hr 


Davis et al. (1993) 


Sulfachloropyrazine 


Laying hen feces 
Broiler feces 


71% degraded after 
3 mon 

65% degraded after 
8 d 


van Dijk and Keukens 
(2000) 



Broiler feces 
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Table 7. {Continued). 



Compound 


Test matrix/system 


Half-life (d) 


Reference 


Sulfadiazine 


Marine sediment (0-1 


50 


Hektoen et al. (1995) 




cm depth) 

Marine sediment (5-7 


100 






cm depth) 
Marine sediment 


No degradation after 


Samuelsen et al. (1994) 






180 d 






Photodegradation in 


26% degraded after 


Lunestad et al. (1995) 




water 


21 d 




Sulfamethoxazole 


OECD 301 D 


No degradation after 


Al-Ahmad et al. (1999) 






40 d 




Sulfadimethoxine 


Marine sediment 


20% degraded after 


Samuelsen et al. (1994) 






180 d 






Photodegradation in 


18% degraded after 


Lunestad et al. (1995) 




water 


21 d 




Tetracycline 


Photodegradation in 


3 hr 


Oka et al. (1989) 




water 






Trimethoprim 


Marine sediment (0-1 


75 


Hektoen et al. (1995) 




cm depth) 

Marine sediment (5-7 


100 






cm depth) 
Marine sediment 


<60 d 


Samuelsen et al. (1994) 




Photodegradation in 


No degradation over 


Lunestad et al. (1995) 




water 


42 d 




Tylosin 


Mixture of soil and 


<5 d 


Galvachin and Katz 




chicken feces 
Clay soil 


3.3-8.1 


(1994) 




Sandy soil 


4.1-4.2 


Ingerslev and Halling- 








Sprensen (2001) 




Pig slurry 


<2 


Loke et al. (2000) 


Virginamycin 


Sandy silt soil 


40% mineralized 


Weerasinghe and 






after 64 d 


Towner (1997) 




Silty sand soil 


30% mineralized 








after 64 d 






Silty sand soil 


25% mineralized 








after 64 d 






Silty clay loam soil 


21% mineralized 








after 64 d 






Clay loam soil 


18% mineralized 








after 64 d 






Silty clay loam soil 


12% mineralized 








after 12 d 





OM: organic matter. 
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the ecotoxicity of the major product classes to aquatic organisms (Table 8). 
Fewer data were available on the toxicity of the substances to terrestrial organ- 
isms (Table 9). 



VII. Environmental Hazard (Continued) 

A. Aquatic Toxicity 

A large body of data is available on the aquatic toxicity of veterinary medicines 
covering a range of species and endpoints. Generally the available data cover 
three main therapeutic groups: sheep dip chemicals, antibacterial agents, and 
endectocides. Data are also available on the effects of the hormone treatment 
ethinyl estradiol. 

Antipamsitics The effects of currently and previously approved sheep dip 
chemicals (including chlorfenvinphos, coumaphos, cypermethrin, deltamethrin, 
diazinon, fenchlorphos, flumethrin, and propetamphos) on aquatic organisms 
have been extensively investigated. Acute toxicity values for the compounds to 
insects, crustaceans, and fish are generally in the low ng L ' to the low |j,g L ' 
range, indicating a very high acute toxicity. 

Few data are available on the toxicity of other ectoparasiticides to aquatic 
species. However, the aquatic toxicides of hydrogen peroxide and ivermectin 
have been extensively investigated because of their potential use in aquaculture. 
Avermectins are particularly toxic to crustaceans with effect levels (LC50) to 
mysid shrimps ranging from 0.0026 |4g L ' (ivermectin) to 22 |a,g L ' (abamec- 
tin). In acute toxicity tests, hydrogen peroxide is shown to range from nonhaz- 
ardous to toxic to various species of fish and aquatic invertebrates (USEPA 
2001). Chronic and acute toxicity data for phosmet, an ectoparasiticide used for 
the treatment of mange and louse infestations in pigs, show the compound to be 
very hazardous to daphnids (EC50; 0.0056 mg L ') and fish (LC50; 0.07 mg L ') 
(Lewis and Bardon 1998). Small numbers of data were available on the aquatic 
toxicity of the endoparasitic wormers, abamectin, triclabendazole, fenbendazole, 
and levamisole, the coccidiostat dimetridazole, and the endectocide doramectin. 

Antibacterial Compounds A number of studies have investigated the effects of 
antibacterial veterinary medicines (Holten Liitzhpft et al. 1999; Lanzkey and 
Halling-Sprensen 1997; Wollenberger et al. 2000). The toxic effect data for 
antibacterial agents on most aquatic species are generally in the mg L ' range 
(Lanzky and Halling-Sprensen 1997; Migliore et al. 1997b). The exceptions are 
algae and cyanobacteria, with certain species (e.g., Microcystis aruginosa) being 
particularly sensitive, with reported EC50 values ranging from 0.0037 (amoxicil- 
lin) to 112 mg L ' (trimethoprim), and the marine bacterium Vibrio fischeri, for 
which the toxicity ranged from 0.014 (ofloxacin) to 8.21 (streptomycin) mg L“' 
(Backhaus and Grimme 1999). 

A limited number of data were also available on the chronic toxicity of anti- 
bacterial compounds to daphnids (Wollenberger et al. 2000). Ratios of acute 
EC50S or LOECs to chronic ECjoS or NOECs range from 2.2 to 16 (Table 10). 




Table 8. Aquatic ecotoxicity data for a range of veterinary medicines. 
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Furazolidone A. salina LC 50 250 Reported in Holten Lutzhpft 

et al. (1999) 
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Lincomycin D. magna 48-hr EC50 379.4 Reported in Holten Liitzhpft 

et al. (1999) 

D. magna Phototactic behavior de- 5 

ereased 

Anemia spp. 72-hr EC50 283 Migliore et al. (1997a) 




Lomefloxacin Daphnia spp. EC 50 130 Reported in Webb (2001 ) 

O. mykiss LC 50 170 

Unspecified green algae EC 50 2.4 



58 



A.B.A. Boxall et al. 



g o 



o ^ 
o _ o 
o C'O 
«N. 



(U 

C 00 X 5 

•—Uir- 

'T 3 _g ^ ^ 

: t e 

: 

^ CIh o C C- 

<U < 



C 'O 

•- c 

X5 ^ O 

iD ^ 



C /3 j_i C /2 

D ^ D 

C3 , C3 

CZ ^ C5 

CQ 2 pa 























d 






»ri 






















(N 

(N 

0 


00 


1 

On 


ON 

ON 


0 

0 

0 


1 

IT} 

CN 


cn 

p 


0 

0 


(N d 


tT) 










<N 


A 



O 000000 
0^000000 

H-OO 

AAAAAAAA 0 ^-^^ 



O 

■o O ON On 
O vn r*b <N _J r\i 



w ^ I.N 

O ON On S (N no 

>>l ri 00 P oi 

O CN CS CN O NO 



z a 



u 

9 LJj S 

u o u 

W J PJ 



<N 00 CN 



rr]s 000000 000 o'-' 

oSuuuuuu uuu ug 

2 : M J JhJW W-a 

?-N Uh ^ 5 -h ?-N Vh ^ Vh Uh 5 -h Vh ^ 

-c ^-a-c-a-cj=-a -f-a ^ 

NO^OOOOOOOOOOOO NONOOO 
ONP- 1 '^'^'^''^''^'^ ONON'^ (NmPJ 



^ 

u 4 u 



<D 

}-> 

W) 



l^.s 

>s -2 



■5 -S: D 

■? ^3 o G 

^ ^ i= § 



•5 O Nj 
^ O S 



^ S 5 ^ 2 



o .0 s s 

bo g U U 

C <D ^ ^ Q 

3 I — I _. , . 



O ■« S 

0 . 'J 
L~ 5 



^ . • ^ C3 ^ , 

a3a,Oc^c/iK.,-kji>5 p<pqC5 2^oic/5 




Table 8. (Continued). 



Veterinary Medicines 



59 




0^8 
o o o 

p O (N 
(N <N 



O 

o 

o ^ ^ 
CN o ^ 
^ o o 
^ o o 

CN <N 



o o ^ 

c/5 <Zl <D 



03 03 3 

oa cQ W 



U( 03 03 
(U ^ ^ 

bO (U <L) 

u W3 c/5 

.0 3 3 

C 03 03 



4:3 .O S O O 
N N N O C 

:D :D :D ^ Cl CS 

_ - - C < < 

o o o P c/:i on ^ 
ffi ffi ffi ^ 



o 

o _ 
o p o 

^ IT} 






ooo'^“l'^'0o'^o 

o^-^rttNcatNu^cJOiA)-^. 
^ A AvOVO'0^0^-h-h[^ AO 



4 u u 

(N W W 



0 gu 

J (j W 

;-( Dj 5- 

JZ ^ JZ 

1 -rt I 

00 V (N 



00 rrl 00000000000 

UU O u u u u u u u u u u u c 

Vh Vh Vh 

^^^-34= ^ S^^-3-3-3-3-3J=-3-3J=-^ 

UUUco^^ UUUoooo^OTj-oocN^'oi-oofNvO'sO' 
pJtLlPJ'^ol-cNP-l tIJ[ilpJT^'^o^r^l'^r-o^(N■^f^o^a^(: 



o c o c 



§ ‘l.§ ‘l.§ ^ § 



~ OCI 0 CO 0 

^ g -s: g 

s ^ ^ ^ ^ 

g Q g Q g 



Cj ^ ^ 



IS is 

'I^.S a c § g 
g 5*- .5 oc) bo ti 



h^o^Q.^ Q^c<i ^coQ^CiQ>-J 



OX) OX) bo bf) 

_S _3 ^3 _3 

(D <D D <U 
bX) bX) bX) bX) 
3 3 3 3 



“2 Q w 

= g g S S I 




Table 8. (Continued). 



60 



A.B.A. Boxall et al. 





Streptomycin M. aeruginosa MIC 0.3 Holten Lutzhpft et al. (1999) 

S. capricornutum MIC 2.1 Wollenberger et al. (2000) 
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Tetracycline V. fischeri 24-hr EC 50 0.0251 Backhaus and Grimme 
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LOEC; lowest observed effect concentration; LC50: concentration causing 50 % mortality; EC50: concentration causing 50 % effect; NOEC: no observed effect con- 
centration; LCioo^ concentration causing 100% mortality; ECioo^ concentration causing 100% effect. 




Table 9. Terrestrial ecotoxicity data for a range of veterinary medicines. 
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In current risk assessment approaches (e.g., biocides, pesticides, and industrial 
chemicals), a factor of 10 is typically used to account for differences between 
acute and chronic endpoints, and the data given in Table 10 support its use for 
veterinary medicines. 

Ethinyl Estradiol Both long-term and short-term toxicity studies have been 
performed on ethinyl estradiol (Kopf 1995; Schweinfurth et al. 1996). These 
studies indicate that ethinyl estradiol is nontoxic to microbes and that toxicity 
to daphnids and algae is generally in the low mg L ’ range. However, long-term 
studies into the toxicity of ethinyl estradiol to fish indicated that fish growth is 
reduced in larvae at concentrations exceeding 100 ng L ’. Moreover, histological 
changes in the kidney and liver of larvae and juvenile fish have been reported 
at concentrations as low as 10 ng L '. 

B. Terrestrial Effects 

Data were available on the toxicity of 45 chemicals used in veterinary medicines 
to terrestrial organisms (see Table 9). These tests covered a range of species, 
including microbes, plants, earthworms, and insects, and a range of endpoints. 
Five main classes of product have been studied: the endectocides, sheep dip 
chemicals, antibacterial agents, anticoccidials, and performance enhancers. 

Antiparasitics For chemicals used in sheep dip formulations, the practice of 
applying spent sheep dip to land as a means of disposal may have implications 
with regards to toxicity to sensitive terrestrial ecosystems. Acute toxicity studies 
have shown diazinon to be highly toxic to earthworms [48-hr FC 50 , 25.8 (tg F ' 
(aqueous exposure route)] (Larkin and Tjeerdema 2000). In addition, the toxicity 
of diazinon to saprophytic isopods has been shown to be dependent on the route 
of exposure. In studies where substrate exposure was assessed using contami- 
nated sand and dietary exposure was evaluated by feeding organisms contami- 



Table 10. Acute and chronic toxicity values for a range of antibacterial agents to 
Daphnia magna. 







Acute 




Chronic 


Ratio 


LOEC 
(mg L-i) 


ECso 
(mg L-') 


EC 50 
(mg L“ 


NOEC 

') (mg L-') 


Metronidazole 


1000 






250 


4 


Oxolinic acid 




4.6 




0.75 


6 


Oxytetracycline 


100 




46.2 




2.2 


Streptomycin 




487 




32 


15 


Sulfadiazine 




221 


13.7 




16 


Tetracycline 


340 




44.8 




7.6 


Tiamulin 




32 


5.4 




5.9 


Tylosin 




483 




90 


5.4 



Source: Data from Wollenberger et al. (2000). 
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nated leaf material, the former was found to be far more lethal (Vink et al. 
1995). In laboratory studies, cypermethrin and diazinon were shown to strongly 
affect honeybees, with lethal topical doses of 0.02 and 0.45 pg per bee, respec- 
tively, reported (Larkin and Tjeerdema 2000; Tomlin 1997). Apart from diazi- 
non, very few data were available on the toxicity to terrestrial invertebrates of 
chemicals used in sheep dip preparations. 

The avermectins are powerful insecticides that are thought to exhibit their effect 
on the Y-aminobutyric acid-mediated neuromuscular synapse, with chloride chan- 
nels appearing to be particularly sensitive (Turner and Schaeffer 1989). Exposure 
to avermectins can elicit a number of responses, including adult and larval mortal- 
ity, an effect on feeding, disruption of water balance, a reduction in growth rate, 
interference with molting, inhibition of metamorphosis and/or pupation, prevention 
of adult emergence, disruption of mating, and interference with egg production and 
oviposition (Strong 1993; Strong and Brown 1987). As a consequence, dung from 
animals treated with avermectins may not support the development of either target 
(e.g., Haemotobia irritans, Musca autumnnalis, Musca domestica, Musca vetustis- 
simia) or nontarget (e.g., sphaerocerids, muscids, sepsids, coleopterans) insects 
(Madsen et al. 1990; Miller et al. 1981; Rrdsdill-Smith 1988; Schmidt 1983; Som- 
mer et al. 1992, 1993; Strong and Brown 1987; Strong and James 1993; Wall and 
Strong 1987). The toxicity of avermectins to dung insect populations may be asso- 
ciated with a retardation in the rate of breakdown of pats. For example, pats con- 
taining ivermectin have been shown to be intact after 340 d, whereas untreated pats 
were largely degraded within 80 d (Floate 1998). 

The effects on other invertebrates have not been extensively investigated, 
although investigations with annelids demonstrated no effect on population den- 
sity (Wall and Strong 1987). The possible indirect effects of avermectin-contam- 
inated dung on vertebrate populations have also been highlighted (McCracken 
1993). Their use may result in depletion of the quantity and quality of vertebrate 
food resources, which may be particularly critical during the breeding season or 
when young animals are foraging and fending for themselves. 

Antibacterial Agents, Anticoccidials, and Growth Promoters Summary data 
were available on the toxicity of antibacterial agents, anticoccidials, and perfor- 
mance enhancers to earthworms, microbes, and plants (VICH 2000). For the anti- 
bacterial agents, microbes were the most sensitive test species with minimum 
inhibitory concentrations (MICs) or no observed effect concentrations (NOECs) 
ranging from 100 (apramycin) to 500,000 (tiamulin) pg kg '. For the anticoccidi- 
als, plants and microbes were the most sensitive with microbial inhibition concen- 
trations or NOECs ranging from 100 (narasin) to 200,000 (halofuginone) pg kg '. 
For the growth promoters, plants are shown to be sensitive to monensin (NOEC, 
150 pg kg ') and microbes to lasalocid sodium (NOEC, 2000 pg kg ’). 

C. Oestrogenic Activity 

A number of compounds and environmental effluents have been associated with 
potential reproductive and developmental abnormalities in fish. For example, 
hermaphrodite fish have been observed in rivers below sewage treatment plants 
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(Harries et al. 1997; Purdom et al. 1994). Four chemicals used in veterinary 
products have been identified as exhibiting endocrine-disrupting properties, 
namely estradiol, ethinyl estradiol, diazinon, and permethrin (Environment 
Agency 1998). For example, ethinyl estradiol has been shown to reduce egg 
deposition in adult fish at concentrations of 10 ng L ', and a 9-mon study with 
fish resulted in a NOEC for reproduction of 1 ng L ’ (Schweinfurth et al. 1996). 

Limited data are available on the fate of estradiol and ethinyl estradiol 
used as veterinary medicines (Arcand-Hoy et al. 1998); consequently, it is diffi- 
cult to assess the importance of their use in veterinary products in terms of 
estrogenic effects on the aquatic environment. Data are available, however, on 
endogenous estrogens (Shore et al. 1988) that demonstrate that these compounds 
can be transported from poultry farms via agricultural runoff to rivers and 
streams. The reported concentrations of the endogenous estrogens in manure 
were 66 ng g '. Concentrations in water collected from four streams ranged from 

0.8 to 10.4 ng L ‘. 

It is possible that other veterinary medicines may cause endocrine disruption 
in ecosystems. However, because of the lack of appropriate screening methods, 
ecologically significant changes in reproductive function resulting from endo- 
crine-disruptive effects of chemicals are not routinely detected. 



VIII. Recommendations for Further Work 

This article has reviewed the data available in the public domain on the usage, 
pathways to the environment, fate, and effects of veterinary medicines. Al- 
though there is a large body of data available, there are clearly a number of 
gaps in the data and in our understanding of the impacts of veterinary medicines 
on the environment. On the basis of the review, a number of priority areas for 
future work were identified. 

1. Usage data are unavailable for many groups of veterinary medicines and for 
many countries, which makes it difficult to establish whether these substances 
pose a risk to the environment. It is therefore recommended that usage infor- 
mation be obtained for these groups, including antiseptics, steroids, diuretics, 
cardiovascular and respiratory treatments, locomotor treatments, and immu- 
nological products. Better usage data will enable properly designed and sci- 
ence-based effective intervention and mitigation strategies. 

2. From the information available, it appears that inputs from aquaculture and 
herd or flock treatments are probably the most significant in terms of environ- 
mental exposure. The relative significance of other routes of entry to the 
environment from livestock treatments, such as washoff following topical 
treatment, farm yard runoff, and aerial emissions, have not generally been 
considered. These routes should therefore be assessed and incorporated into 
risk assessment models if appropriate. Other routes of release should also be 
considered. For example, the significance of exposure to the environment 
from the disposal of used containers or from discharge from manufacturing 
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sites should be investigated further. In addition, substances may be released 
to the environment as a result of off-label use and poor slurry management 
practice. The significance of these exposure routes is currently unknown. 

3. Monitoring data are available for a range of veterinary medicines in soil, sedi- 
ment, surface waters, and groundwaters. The studies have generally focused on 
the sheep dip chemicals, the anthelmintics, aquaculture treatments, and the anti- 
biotics. Once full datasets are obtained on the usage, properties, and effects of 
other chemical groups, further targeted monitoring should be performed to deter- 
mine concentrations in the environment. These data could then be used along 
with the existing data to evaluate current risk assessment exposure models. 

4. With the exception of a few groups, e.g., anthelmintics and sheep dip chemi- 
cals, ecotoxicity studies have only been performed on a limited number of 
species (particularly terrestrial species). For groups that are identified as po- 
tentially being of high environmental risk, more extensive studies should be 
conducted to establish species sensitivity distributions and likely impacts on 
the agricultural landscape. 

5. A number of hormones are used as veterinary medicines. However, limited 
information is available on the endocrine-disrupting potential of these sub- 
stances. A more detailed assessment of the endocrine-disrupting potential of 
hormones (and other substances) used as veterinary medicines should there- 
fore be performed. This information should be combined with information on 
likely releases to the environment to assess the potential for veterinary medi- 
cines to disrupt endocrine systems in the environment. 

6. Although information was available on the direct effects of a range of veterinary 
medicines on aquatic and terrestrial organisms, limited information is available 
on the indirect effects. The possible indirect effects of veterinary medicines 
should be identified. For example, concern has been raised over the possible 
indirect effects of anthelmintics on higher trophic levels (such as bat or bird 
species) that may result from the loss of dung invertebrates as a food source. 

7. Finally, there is a need to establish the potential for veterinary medicines to 
bioaccumulate. It may be possible to perform these assessments using data 
on target animals obtained in pharmacodynamic/pharmacokinetic studies per- 
formed by manufacturers as part of the current regulatory process. 

By performing studies of this type, it should be possible to fully establish the 

risks posed to the environment by veterinary medicines and, where appropriate, 

introduce strategies to manage these risks. 



Summary 

The impact of veterinary medicines on the environment will depend on a num- 
ber of factors including physicochemical properties, amount used and method 
of administration, treatment type and dose, animal husbandry practices, manure 
storage and handling practices, metabolism within the animal, and degradation 
rates in manure and slurry. Once released to the environment, other factors such 
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as soil type, climate, and ecotoxicity also determine the environmental impact 
of the compound. 

The importance of individual routes into the environment for different types 
of veterinary medicines varies according to the type of treatment and livestock 
category. Treatments used in aquaculture have a high potential to reach the 
aquatic environment. The main routes of entry to the terrestrial environment are 
from the use of veterinary medicines in intensively reared livestock, via the 
application of slurry and manure to land, and by the use of veterinary medicines 
in pasture-reared animals where pharmaceutical residues are excreted directly 
into the environment. Veterinary medicines applied to land via spreading of 
slurry may also enter the aquatic environment indirectly via surface runoff or 
leaching to groundwater. It is likely that topical treatments have greater potential 
to be released to the environment than treatments administered orally or by 
injection. Inputs from the manufacturing process, companion animal treatments, 
and disposal are likely to be minimal in comparison. 

Monitoring studies demonstrate that veterinary medicines do enter the envi- 
ronment, with sheep dip chemicals, antibiotics, sealice treatments, and anthel- 
mintics being measured in soils, groundwater, surface waters, sediment, or biota. 
Maximum concentrations vary across chemical classes, with very high concen- 
trations being reported for the sheep dip chemicals. 

The degree to which veterinary medicines may adsorb to particulates varies 
widely. Partition coefficients (Ki) range from low (0.61 L kg ') to high (6000 L 
kg '). The variation in partitioning for many of the compounds in different soils 
was significant (up to a factor of 30), but these differences could be not be 
explained by normalization to the organic carbon content of the soils. Thus, to 
arrive at a realistic assessment of the availability of veterinary medicines for 
transport through the soil and uptake into soil organisms, the Koc (which is used 
in many of the exposure models) may not be an appropriate measure. Transport 
of particle-associated substances from soil to surface waters has also been dem- 
onstrated. Veterinary medicines can persist in soils for days to years, and half- 
lives are influenced by a range of factors including temperature, pH, and the 
presence of manure. The persistence of major groups of veterinary medicines in 
soil, manure, slurry, and water varies across and within classes. 

Ecotoxicity data were available for a wide range of veterinary medicines. 
The acute and chronic effects of avermectins and sheep dip chemicals on aquatic 
organisms are well documented, and these substances are known to be toxic to 
many organisms at low concentrations (ng L~' to |ag L '). Concerns have also 
been raised about the possibility of indirect effects of these substances on preda- 
tory species (e.g., birds and bats). Data for other groups indicate that toxicity 
values are generally in the mg L ’ range. For the antibiotics, toxicity is greater 
for certain species of algae and marine bacteria. Generally, toxicity values for 
antibacterial agents were significantly higher than reported environmental con- 
centrations. However, because of a lack of appropriate toxicity data, it is diffi- 
cult to assess the environmental significance of these observations with regard 
to subtle long-term effects. 
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Appendix A. CAS numbers and systematic names of veterinary medicines reported in 
this paper. 

Compound CAS Systematic name 



Abamectin 



Altrenogest 

Aminosidine 



Amitraz 

Amoxicillin 

Ampicillin 

Amprolium 

Apramycin 



Avermectin Bla 
Azamethiphos 

Bacitracin 



Benzyl alcohol 
Ceftiofur 



Chloramphenicol 

Chlorfenvinphos 

Chlorhexidine 



71751-41-2 

850-52-2 

7542-37-2 

33089-61-1 

61336-70-7 

69-53-4 

137-88-2 

37321-09-8 

73989-17-0 

35575-96-3 

1405-87-4 



100-51-6 

80370-57-6 

56-75-7 

470-90-6 

55-56-1 



5-0-Demethyl avermectin Ala and 5-0-demethyl- 
25-de( 1 -methylpropyl)-25-methylethyl) 
avermectin Ala 

1 7 - Allyl- 1 7 P-hydroxyestra-4,9, 1 1 -trien-3-one 

2-Amino-2-deoxy-a-D-glucopyranosyl-(l to 4)-0- 
[0-2,6-diamino-2,6-dideoxy-P-L-idopyranosyl-(l 
to 3)-P-D-ribofuranosyl-(l to 5)]-2-deoxy-, sul- 
fate (salt) 

A'-(2,4-Dimethylphenyl)-A-[[(2,4-dimethylphenyl) 

imino]methyl]-A-methylmethanimidamide 

(25,57?,6/?)-6[(7?-2-amino-2-(4-hydroxyphenyl) 
acetamido]-3,3-dimethyl-7-oxo-4-thia-l- 
azabicyclo-2-carboxylic acid 

2S- [2a,5 a,6b(5*)]] -6 [(Aminophenylacetyl)amino]- 

3.3- dimethyl-7-oxo-4-thia-l-azabicyclo 
(3,2,0)heptane-2-carboxylic acid 

4- Acetamido-2-ethoxy benzoic acid methylester 

D-Steptamine, 0-4-amino-4-deoxy-a-D-glucopyra- 
nosyl-(^8)-0-(87?)-2-amino-2,3,7-trideocy-7- 
(methylamino)-D-glycero-a-D-allo-octodialdo- 1,5: 

8.4- dipyranosyl-( 1 — >4)-2-deoxy , sulfate 

5- 0-Demethyl avermectin Ala 

5-(6-Chloro-oxazolo[4,5-b]pyridin-2(3//)-on-3- 

ylmethyl) 0,0-dimethyl phosphorothioate 

Comprises antimicrobial polypeptides yielding the 
following amino acids on hydrolysis: L-cysteine; 
D-glutamic acid; L-histidine; L-isoleucine; L-ly- 
sine; D-ornithine; D-phenylalanine; DL-aspartic 
acid 

(Hydroxymethyl)benzene 

(67?,77;)-7-[2-(2-Amino-4-tiazoyl)-2-((Z)- 

methoxyamino)acetamido]-(20-furylthiomethyl)- 
8-oxo-5-thia-azabicyclo-4.3.0)oct-2-ene-2- 
carboxylic acid 

D-(-)-f/ireo-2,2-Dichloro-A-[P-hydroxy-a-(hydroxy- 

methyl)-/)-nitrophenethyl]acetamide 

Diethyl-0-(2-chloro- 1 -(2',4'-dichlorophenyl)vinyl) 
phosphate 

Hexamethylene-bis(5-(4-chlorophenyl)biguanide) 
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Chlortetracycline 


64-72-2 


7-Chloro-4-(dimethylamino)- 1 ,4,4a, 5, 5a,6, 11,12a- 
octahydro-3 ,6, 10,12,1 2a-pentahydroxy-6-methyl- 
l,ll-dioxo-,(45-(4a,4a,5a,6P,12a))- 
naphthacenecarboxamide 


Cinoxacin 


28657-80-9 


1 -Ethyl- 1 ,4-dihydro-4-oxo( 1 ,3)dioxolo(4,5-g) 
cinnoline-3-carboxylic acid 


Ciprofloxacin 


85721-33-1 


1 -Cyclopropyl-6-fluoro- 1 ,4-dihydro-4-oxo-7-( 1 - 
piperazinyl)-3-quinolinecarboxylic acid 


Clyndamycin 


18323-44-9 


Methyl 7-chloro-6,7,8-trideoxy-6-(((l-methyl-4- 
propyl-2-pyrrolidinyl)carbon yl) amino)-l-thio-, 
(2S-trans)-, hydrochloride monohydrate 


Coumaphos 


56-72-4 


0-(3-Chloro-4-methyl-2-oxo-277- 1 -benzopyran-7-yl) 
0,0-diethyl phosphorothioate 


Cyromazine 


66215-27-8 


Cyclopropyl- 1, 3, 5-triazine-2,4,6-tri amine 


Cypermethrin 


52315-07-8 


(7?S)-a-Cy ano-3-phenoxybenzyl ( IRS,3RS ; 
l/?5,3S/?)-3-(2,2-dichlorovinyl)-2,2- 
dimethylcyclopropanecarboxylate 


Danofloxacin 


112398-08-0 


( 1 5)- 1 -Cyclopropyl-6-fluoro- 1 ,4-dihydro-7-(5 - 
methyl-2,5-diazabicyclo[2.2.1]hept-2-yl)-4-oxo-3- 
quinolinecarboxylic acid 


Delmadinone 


15262-77-8 


6-Chloro- 1 7 -hydroxypregna- 1 ,4,6-triene-3 ,20-dione 


Deltamethrin 


52918-63-5 


(5)-a-Cyano-3-phenoxybenzyl ( 17?,37?)-3-(2,2,-di- 
bromovinyl)-2,2-dimethyl cyclopropanecarbox- 
ylate 


Diazinon 


333-41-51 


0,0-Diethyl 0-2-isopropyl-6-methylpyrimidin-4-yl 
phosphorothioate 


Dichlorvos 


62-73-7 


2,2-Dichlorovinyl dimethyl phosphate 


Dihydrostreptomycin 


128-46-1 


0-2-Deoxy-2-(methylamino)a-L-glucopyranosyl- 
( 1 -2)-0-5-deoxy-3-C-(hydroxymethyl)-a-L- 
lyxofuranosyl-( 1 -4)V,A'-diaminido-D-streptamine 


Dimethicone 


9016-00-6 


Dimethyl silicone 


Dimetridazole 


551-92-8 


1 ,2-Dimethyl-5-nitro- l//-imidazole 


Doramectin 


117704-25-3 


25-Cyclohexyl-5-0-demethyl-25-de ( 1 -methyl 
propyl)avermectin- 1 a 


Doxycycline 


564-25-0 


4-(Dimethylamino)-l,4,4a,5,5a,6,ll,12a-octahydro- 
3,5, 10, 1 2, 1 2a-pentahydroxy-6-methyl- 1 , 1 1-dioxo- 
2-naphthacenecarboxamide monohydrate 


Efrotomycin 


56592-32-6 


Efrotomycin 


Emamectin benzoate 


137512-74-4 


4"-Epimethylamino-4"-deoxy avermectin Bla and 
Bib 


Enoxacin 


74011-58-8 


l-Ethyl-6-fluoro- 1 ,4-dihydro-4-oxo-7-( 1 - 
piperazinyl)- 1 ,8-naphthyridine-3-carboxylic acid 


Enrofloxacin 


93106-60-6 


l-Cyclopropyl-7-(4-ethyl-l-piperazinyl)-6-fluoro- 



1 ,4-dihydro-4-oxo-3-quinolinecarboxylic acid 
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Appendix A. {Continued) 



Eprinomectin 


159628-36-1 


4"-epi-Acetylamino-4"-deoxy-avermectin B 1 


Erythromycin 


114-07-8 


{2R,1>SAS,5R,6RM,WR, 1 17?, 125, 1 37?)-5-(3,4,6- 
Trideoxy-3-dimethylamino-|3-D-xylo- 
hexopyranosyloxy)-3-(2,6-dideoxy-3-methyl-3-0- 
methyl-a-L-n'7>o-hexopyranosyloxy)- 1 3-ethyl- 
6,ll,12,-trihydroxy-2,4,6,8,10,12-hexamethyl-9- 
oxotridecan- 1 3-olide 


Estradiol benzoate 


50-50-0 


1 7 p-Estradiol-3-benzoate 


Ethenyl estradiol 


57-63-6 


1 7 a-Ethynyl-3-hydroxy- 1 ,3,5( 1 0)-estratrien- 1 7 (3-ol 


Fenbendazole 


43210-67-9 


[5-(Phenylthio)-l//-benzimidazol-2-yl]carbamic 
acid methyl ester 


Fenchlorphos 


299-84-3 


0,0-Dimethyl 0-(2,4,5-trichlorophenyl) phosphoro- 
thioate 


Florfenicol 


76639-94-6 


[R — (7? 1 ,7)] -2,2-dichloro-A- { fluoromethyl: -2- 
hydroxy-2-[4-(methylsulfonyl:phenyl] 
ethyl} acetamide 


Flumethrin 


69770-45-2 


Cyano(4-fluoro-3-phenoxyphenyl)methyl 3-[2- 
chloro-2-(4-chlorophenyl)ethenyl]-2,2- 
dimethylcyclopropanecarboxylate 


Formosulphathiazole 


72-14-0 


Al -(2-Thiazolyl)sulfanilamide 


Furazolidone 


67-45-8 


3-[[(5-Nitro-2-furanyl)methylene]amino]-; 3-(5- 
nitro-2-furyl)methylene amino-2-oxazolidinone 


Griseofulvin 


126-07-8 


7-Chloro-4,6-dimethoxycoumaran-3-one-2-spiro-l- 
(2'-methoxy-6'-methyl cyclohex-2'-en-4'-one) 


Halofuginone 


55837-20-2 


traM.y-7-Bromo-3[3-(3-hydroxy-2- 

piperidyl)acetonyl]-6-chloro-4(377)quinazolinone 


Halothane 


151-67-7 


2-Bromo-2-chloro- 1,1,1 -triflu oroethane 


Hydrogen peroxide 


7722-84-1 


Dihydrogen dioxide 


Isoflurane 


26675-46-7 


l-Chloro-2,2,2-trifluoroethyl diflu oromethyl ether 


Ivermectin 


70288-86-7 


5-0-Demethyl-22, 23-dihydroavermectin Aia (com- 
ponent Bia) and 5-0-demethyl-25-de (1-methyl- 
propyl)-22, 23-dihydro-25-(l-methylethyl)aver- 
mectin An, (component B^) 


Laidlomycin 


56283-74-0 


1 6-Deethyl-3-0-demethyl- 1 6-methyl-3-0-( 1 - 
oxopropyl)monensin 


Lasalocid 


25999-31-9 


6-(7-(5-Ethyl-5-(5-ethyltetrahydro-5-hydroxy-6- 
methyl-277-pyran-2-yl)tetrahydro-3-methyl-2- 
furyl)-4-hydroxy-3,5-dimethyl-6-oxononyl)-, (-)- 
2,3-cresotic acid 


Levamisole 


14769-73-4 


5(-)-6-Phenyl-2,3,5,6-tetrahydroimidazo 



[2,l-b]thiazole 
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Lido/lignocaine 


137-58-6 


2-(Diethylamino)-A-(2,6-dimethylphenyl)acetamide 


Lincomycin 


154-21-2 


Methyl 6,8-dideoxy-6-(l-methyl-4-propyl-2-pyrroli- 
dinecarboxamido)- 1 -thio-D-erythro-a-D- 
galactooctopyranoside 


Lomefloxacin 


98079-51-7 


1 -Ethyl-6, 8-difluoro- 1 ,4-dihydro-7 -(3-methyl- 1 - 
piperazinyl)-4-oxo-3-quinolinecarboxylic acid 


Maduramicin 


84878-61-5 


Maduramicin 


Medroxyprogesterone 


520-85-4 


17a-Hydroxy-6a-methyl-4-pregnene-3,20-dione 


Melengestrol acetate 


2919-66-6 


6-Dehydro- 1 7 -hydroxy-6-methyl- 1 6-methylene- 
progesterone acetate 


Meropenem 


96036-03-2 


3-((5-((Dimethylamino)carbonyl)-3- 
pyrrolidinyl)thio)-6-(l-hydroxyethyl)-4-methyl-7- 
oxo-(47?-(3(5*,55*),4a,5(3,6|3(7?*)))-l- 
azabicyclo(3.2.0)hept-2-ene-2-carboxylic acid 


Metamyzole 




A-(2, 3-Dihydro- l,5-dimethyl-3-oxo-2-phenyl-4- 
pyrazolyl)-A-methylamino]methansulfonic acid 


Methyltestosterone 


58-18-4 


1 7 (3-Hydroxy- 1 7a-methylandrost-4-en-3-one 


Metronidazole 


443-48-1 


2-Methyl-5 -nitro- 1 -imidazoleethanol 


Miconazole 


22916-47-8 


1 - [2-(2,4-Dichlorophenyl)-2-[(2,4- 
dichlorophenyl)methoxy]ethyl]-l//-imidazole 


Monensin 


17090-79-8 


2-[5-Ethyltetrahydro-5-[tetrahydro-3-methyl-5- 
[tetrahydro- 6-hydroxy-6-(hydroxymethyl)-3,5- 
dimethyl-2H-pyran-2-yl]-2-furyl-9-hydroxy-(3- 
methoxy-a,y, 2,8-Tetramethyl- 1 ,6-dioxaspiro 
[4.5]decane-7-butyric acid; monensic acid 


Morantel 


20574-50-9 


1,4,5 ,6-Tetrahydro- 1 -methyl-2- [2-(3- 
methyl)ethenyl] pyrimidine 


Nalidixic acid 


389-08-2 


1 ,4-Dihydro- 1 -ethyl-7-methyl-4-oxo- 1,8- 
naphthyridine-3-carboxylic acid 


Narasin 


55134-13-9 


4-Methylsalinomycin 


Neomycin 


1404-04-2 


4-0-(2,6-Diamino-2,6-dideoxy-a-D- 

glucopyranosyl)-5-0-[3-0-(2,6-diamino-2,6- 
dideoxy-(3 L-idopyranosyl)-(3-D-ribofuranosyl]-2- 
deoxy-D-streptamine 


Nicarbazin 


330-95-0 


4,4'-Dinitrocarbanilide-2-hydroxy-4,6-dimethyl 

pyrimidine 


Nitroxynil 


1689-89-0 


4-Hydroxy-3-iodo-5-nitrobenzonitrile 


Norfloxacin 


70458-96-7 


l-Ethyl-6-fluoro- 1 ,4-dihydro-4-oxo-7-( 1 - 
piperazinyl)-3-quinolinecarboxylic acid 


Ofloxacin 


83380-47-6 


(+)-9-Fluoro-2,3-dihydro-3-methyl-10-(4-methyl-l- 
piperazinyl)-7-oxo-7//-pyrido[ 1 ,2,3-de]- 1 ,4 
benzoxazine-6-carboxylic acid 
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Olaquindox 


23696-28-8 


A-(2-Hydroxyethyl)-3-methyl-2- 

quinoxalinecarboxamide 1 ,4-dioxide 


Oxfendazole 


53716-50-0 


[5-(Phenylsulfinyl)-l//-benzimidazol-2-yl]carbamic 
acid methyl ester; Synanthic; oxfendazole 


Oxolinic acid 


14698-29-4 


5-Ethyl-5,8-dihydro-8-oxo- 1 ,3-dioxolo 
(4,5 -g)quinoline-7 -carboxylic acid 


Oxytetracycline 


79-57-2 


(45,4a/?,55,5af?,65, 1 2a5)-4-Dimethylamino- 
1 ,4,4a,5,5a,6, 11,1 2a-octahydro-3,5,6, 10, 12, 12a- 
hexahydroxy-6-methyl- 1,11 -dioxonaphthacene-2- 
carboxamide 


Pentobarbitone 


76-74-4 


5-Ethyl-5-(l-methylbutyl)-2,4,6(m,377,577)- 

pyrimidinetrione 


Phenobarbitone 


50-06-6 


5-Ethyl-5-phenylbarbituric acid 


Phenylbutazone 


50-33-9 


4-Butyl- 1 ,2-diphenyl-3 ,5-dioxo pyrazolidine 


Phosmet 


732-11-6 


Dimethyl phosphorodithioate 5-ester with A-(mer- 
captomethyl)phthalimide 


Pipemidic acid 


51940-44-4 


8-Ethyl-5,8-dihydro-5-oxo-2(l-piperazinyl)- 

pyrido[2,3-d]pyrimidine-6-carboxylic acid (trihy- 
drate) 


Pirlimycin 


79548-73-5 


Pirlimycin 


Poloxalene 


9003-11-6 


Poloxyporopylene-poloxyethylene glycol nonionic 
polymer 


Procaine 


59-46-1 


4-Aminbenzoic acid-2(diethylanimo)ethyl ester 


Procaine benzylpenicillin 


61-33-6 


4-Thia-l-azabicyclo (3,2,0) hepatne-2-carboxylic 
acid, 3,3-dimethyl-7-oxo-6-(2-phenylacetamido) 


Procaine penicillin 


69-57-8 


3,3-Dimethyl-7-oxo-6-(2-phenyl-acetamido)-4-thia- 
l-azabicyclo[3.2.0]heptane-2-carboxylic acid, 
monosodium salt 


Progesterone 


57-83-0 


(5)-Pregn-4-en-3,20-dione 


Propetamphos 


31218-83-4 


1 -Methylethyl 3-(((ethylamino)methoxyphosphi- 
nothioyl)oxy)-2-butenoate 


Pyrantel 


15686-83-6 


1 ,4,5,6-Tetrahydro- 1 -methyl-2-[2-(2- 
thienyl)ethenyl] pyrimidine 


Salinomycin 


53003-10-4 


(2i?)-2-[(2/?,55,67?)-6-[(15,25,35,57?)-5- 
[(25,5577?,95,105,12f?,15/?)-2-[(27?,5/?,65)-5- 
Ethyltetrahydro-5-hydroxy-6-methylpyran-2-yl]- 
1 5-hydroxy-2, 10,1 2- trimethyl- 1,6,8- 
trioxadispiro[4.1.5.3]pentadec-13-en-9-yl]-2- 
hydroxy-l,3-dimethyl-4-oxoheptyl]tetrahydro-5- 
methylpyran-2-yl]butyrate 


Sarafloxicin 


98105-99-8 


3-Quinolinecarboxylic acid, 6-fluoro-l-(4-fluorophe- 
nyl)- 1 ,4-dihydro-4-oxo-7 -(1 -piperazinyl), mono- 
hydrochloride 
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Spiramycin 


8025-81-8 


{^R,5SfiS,lR,9R,im,\6R)-{ 1 1£, 1 3£')-6-[0-2,6- 
Dideoxy-3-C-methyl-a-L-ribo-hexopyranosyl- 
(1^4)-(3,6-dideoxy-3-dimethylamino-(3-D- 
glucopyranosyljoxy] -7 -formylmethyl-4-hydroxy- 
5 -methoxy-9, 1 6-dimethyl] - 1 0- [(2,3 ,4,6- 
tetradeoxy-4-dimethylamino-D-erythro- 
hexopyranosyl)oxy]oxacyclohexadeca- 11,13- 
dien-2-one 


Sulfachloropyridazine 


80-32-0 


4-Amino-A-(6-chloro-3-pyradizinyl)- 

benzenesulfonamide 


Sulfadimethoxine 


122-11-2 


6-Sulfanilamido-2,4-dimethoxypyrimidine 


Sulfamethazine 


57-68-1 


V-(4,6-Dimethyl-2-pyrimidyl)sulfanilamide 


Sulfadiazine 


68-35-9 


Benzenesulfonamide, 4-amino-A-2-pyrimidinyl 


Sulfadimidine 


57-68-1 


V-(4,6-Dimethyl-2-pyrimidyl)sulfanilamide 


Teflubenzuron 


83121-18-0 


V-(((3,5-Dichloro-2,4- 

difluorophenyl)amino)carbonyl)-2,6- 

difluorobenzamide 


Tetracycline 


60-54-8 


(45-(4a,4a,5a,6P, 1 2a))-4-(Dimethy- 
lamino)- 1 ,4,4a,5,5a,6, 1 1 ,12a-octahydro- 

3,6,10,12,1 2a-pentahydroxy-6-methyl- 1,11 -dioxo- 
2-naphthacenecarboxamide 


Tiamulin 


55297-95-5 


14-Desoxy-14-[(2-diethylaminoethyl) 
mercaptoacetoxy]mutilin hydrogen fumarate 


Triclabendazole 


68786-66-3 


6-Chloro-5-(2,3-dichlorophenoxy)-2-methylthio- 

benzimidazole 


Trimethoprim 


738-70-5 


5-((3,4,5-Trimethoxyphenyl)methyl)-2,4- 

pyrimidinediamine 


Tylosin 


1401-69-0 


( 1 1£, 1 3£)-(4t?,55,6S,7t;,9t?, 1 5/?, 1 6R)- 1 5- [ [(6- 
deoxy-2,3-di-0-methyl-P-D-allopyranosyl) 
oxy]methyl]-6-[[3,6-dideoxy-4-0-(2,6-dideoxy-3- 
C-methyl-a-L-ribo-hexopyranosyl)-3- 
(dimethylamino)-P-D-glucopyranosyl]oxy]-16- 
ethyl-4-hydroxy-5,9, 1 3-trimethyl-7-(2-oxoethyl) 
oxacyclohexadeca- 1 1 , 1 3-diene-2, 1 0-dione 
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I. Introduction 

The Safe Drinking Water Act, as amended in 1996, requires the U.S. Environmen- 
tal Protection Agency (EPA) to publish a Drinking Water Contaminant Candidate 
List (CCL). During the development of the first draft list in 1996, EPA obtained 
input from stakeholders including an international panel of expert microbiologists 
and the Science Advisory Board. The expert microbiologists panel recommended 
that EPA issue a public health guidance for controlling Acanthamoeba eye infec- 
tion in contact lens wearers. Acanthamoeba spp. are protozoan common in water 
and soil that have been associated with inflammation of the human cornea, usually 
in contact lens wearers, and with chronic encephalitis in immuno deficient individ- 
uals. The organism is transmitted by contact of the eye (or possibly other body 
surfaces) with contaminated water, air, or soil. There is no evidence that it is 
transmitted by ingestion. The goal of this review is to assess the health effects of 
Acanthamoeba and the significance of water in its transmission. 

Acanthamoeba is a protozoan genus. Protozoa are unicellular eukaryotic ani- 
mals and, although they are widespread in the environment, only a few are capa- 
ble of causing disease in humans. Several of the pathogenic protozoa are trans- 
mitted by water, including Giardia lamblia, Cryptosporidium spp., Naegleria 
fowleri, and certain Acanthamoeba spp (Table 1). Acanthamoeba are free-living 
amoebae that have no defined shape. They move by pseudopods, extensions of 
the cell membrane into which the cytoplasm moves. They normally live in soil, 
freshwater, brackish water, sewage, and biosolids, feeding on bacteria and multi- 
plying in their environmental niche as free-living organisms. They are capable 
of causing infections of the human skin, lungs, eye, and brain and can feed on 
human tissue. Because of their ability to live both free in nature and as patho- 
gens in a host, they are also called amphizoic amoebe; this is in contrast to 
Giardia and Cryptosporidium, which do not replicate in the environment (Table 
1). These waterborne pathogenic protozoa are transmitted by ingestion and repli- 
cate only within the host. 

The genus Acanthamoeba consists of as many as 20 species classified in 
three groups based on cyst morphology (Table 2). Unlike Naegleria fowleri, the 



Table 1. Waterborne/water-based pathogenic protozoa. 



Type 


Genus/species 


Disease/symptoms 


Amoeboid 


Acanthamoeba 


Eye infection (keratitis), brain infection 
(meningoencephalitis) 




Naegleria 


Brain infection (meningoencephalitis) 




Entamoeba histolytica 


Amoebic diarrhea (liver abcess) 


Flagellate 


Giardia lamblia 


Diarrhea 


Apicomplexan 


Toxoplasma gondii 


Fever, loss of fetus 




Cryptosporidium 


Diarrhea 




Cyclospora cayetanesis 


Diarrhea 
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Table 2. Currently identified species of Acanthamoeba. 

A. astronyxis 
A. castellanii 
A. comandoni 
A. culbertsoni 
A. divionensis 
A. echinulata 
A. gigantea 
A. griffini 
A. hatchetti 
A. healyi 
A. jacobsi 
A. lenticulata 
A. lugdunensis 
A. mauritaniensis 
A. palestinensis 
A. paradivionensis 
A. pearcei 
A. polyphaga 
A. quina 
A. rhisodes 
A. royreba 
A. stevensoni 
A. terricola 
A. triangularis 
A. tubiashi 



most important species of Naegleria that causes human disease, several 
species of Acanthamoeba are known to cause infections in humans. These 
species include A. astronyxis, A. castellanii, A. culbertsoni, A. divionensis, 
A. healyi, A. rhisodes, A. hatchetti, A. palestinensis, and A. polyphaga. Exposure 
to contaminated recreational water and tapwater has been implicated as a source 
of exposure, especially for those species causing infections of the eye. 

The taxonomy of Acanthamoeba is a contentious area. Those species now 
known as Acanthamoeba were previously placed in the genus Hartmanella, but 
in 1967 they were definitely classified as a separate genus by Page (1967). 
Pussard and Pons (1977) later proposed a classification based mainly on cyst 
morphology that identified 18 species (Table 2). The species were classified 
into three morphological groups (Table 3). 

Group I has large cysts with rounded outer walls (ectocysts) that are clearly 
separated from the inner walls (endocysts). The inner and outer walls are joined, 
forming a star-shaped structure. Group II cysts are smaller, with variable endo- 
cyst shapes. Group III cysts are smaller than Group II cysts, with poorly sepa- 
rated walls. The major human pathogens belong to Group II, although A. culbert- 
soni, from Group III, is also a recognized pathogen. 
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Table 3. Acanthamoeba species classification. 



Group I 


Group II 


Group III 


A. astronyxis 


A. caslellani 


A. palastinensis 


A. comandoni 


A. mauritaniensis 


A. culbertsoni 


A. echinulata 


A. polyphaga 


A. lenticulata 




A. lugdunesis 


A. pustulosa 




A. quina 


A. royreba 



A. rhisodes 
A. divionensis 
A. paradivionensis 
A. griffini 
A. triangularis 



Source: Pussard and Pons (1977). 



II. General Characteristics 

Acanthamoeba has two stages in its life cycle: the trophozoite and the cyst (Fig. 
1). Acanthamoeba trophozoites measure 15-45 pm and are characterized by the 
presence of fine, tapering, spinelike projections from the surface of the body 
called acanthopodia. The acanthopodia can be periodically protruded and re- 
tracted. The trophozoites usually have one nucleus with a large, dense nucleolus. 
Acanthamoeba divide by conventional mitosis, in which the nucleolus and the 
nuclear membrane disappear during cell division. The trophozoite feeds on bac- 
teria by engulfing them (phagocytosis). 

Under adverse environmental conditions, a dormant cyst is formed that is 
resistant to desiccation, temperature extremes, and disinfectants. The cyst may 
remain viable for many years and, when it is exposed to a food source, it again 
assumes the trophozoite form. It is not understood how the cyst recognizes a 
food source. It will readily excyst in the presence of both liquid nutrients and 
bacteria. 

Acanthamoeba are carriers of intracellular bacteria, especially Legionella 
species, which have the ability to reproduce within the trophozoite. It has been 
proposed that this may be of importance in the persistence and spread of these 
organisms in the environment (King et al. 1988). 

A. Methods of Identification 

The identification of individual Acanthamoeba is based on morphological obser- 
vations, but taxonomic studies have employed isoenzyme (de Jonckheere 1987) 
or mitochondrial species DNA restriction endonuclease analysis in an attempt 
to form a classification system. A study of mitochondrial DNA has produced 
comparable results. In the first study, 33 strains, of which 30 were corneal iso- 
lates, were separated into 10 groups according to restriction length pattern poly- 
morphism. 
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Vegetative form or trophozoite 




Encystment 



Fig. 1. Life cycle of Acanthamoeba. 



B. Cultivation 

Acanthamoeba are easily grown on non-nutrient agar plates seeded with Esche- 
richia coli or Klebsiella pneumoniae (Kilvington et al. 1990; Visvesara et al. 
1975). One of the more common methods is to smear or streak a suitable bacte- 
rial food organism such as Escherichia coli or Klebsiella pneumoniae over the 
agar surface, seal the plates with tape, invert them, and incubate them in boxes 
lined with wet paper towels to maintain humidity. Acanthamoeba will migrate 
across the plate using bacteria as a food source. Overproliferation of bacteria is 
prevented by the nonnutrient agar. With incubation at 32 °C, the migration 
tracks of the amoebae are usually easily visible within 48 hr, but occasionally 
longer incubation (up to 2 wk) is needed (Illingworth and Cook 1998). 

Formulations for several complex liquid axenic (bacteria-free) media may be 
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found in a publication by the American Type Culture Collection (Nerad 1993). 
Because some species of amphizoic amoebe grow at mammalian body tempera- 
tures, many laboratories incubate replicate cultures at room temperature, 37 °- 
45 °C, or higher. 



C. Significance of Endosymbiosis 

Acanthamoeba feeds on bacteria in the environment, trapping them within its 
cytoplasm, a process known as phagocytosis. Phagocytosed bacteria are usually 
killed and digested by the amoebae; however, some species of bacteria may 
grow and reproduce within the cytoplasm and become symbionts. Symbiotic 
relationships are beneficial to both organisms. When the bacteria have adapted 
to the intercellular environment of the protozoan host, the event is referred to 
as endosymbiosis. Both the survival and virulence of both organisms may be 
enhanced by this relationship (see IV.E). Rowbotham (1980) first reported the 
association of the amoebae Naegleria and Acanthamoeba with the symbiont 
Legionella pneumophila, the causative agent of legionnaires’ disease. Several 
species of free-living amoebae have been shown to support the growth of legio- 
nellas (Fields 1993), and environmental growth of legionellas in the absence of 
protozoa has not been documented. It is thought that the protozoa are the pri- 
mary means of proliferation of these bacteria under natural conditions (Fields et 
al. 1989; Hay et al. 1995). This endosymbiotic relationship can modify the viru- 
lence of Legionella (Dowling et al. 1992). It may also be involved in the ob- 
served phenomenon that L. pneumophila can be viable but nondetectable by 
cultivation on agar-based systems (Connor et al. 1993). Hay and Seal (1994b) 
have proposed that the latter observation may have profound implications with 
regard to surveillance of water systems for Legionella, especially with preven- 
tion of outbreaks of nosocomial legionnaires’ disease. 

Various waterborne pathogens have been shown to develop an endosymbiotic 
relationship. The spectrum of pathogens able to survive and multiply to various 
degrees within Acanthamoeba is given in Table 4. For all the organisms, Acan- 



Table 4. Bacterial endosymbionts“ of 
Acanthamoeba. 



Legionella pneumophila 
Mycobacterium avium 
Burkholderia picketti 
Vibrio cholerae 
Francisella tularensis 
Chlamydia pneumoniae 
Rickettsiales 
Listeria monocytogenes 



“Live within the Acanthamoeba. 

Source: Fritsche et al. 1999; Ly and Muller, 1990. 
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thamoeba are potential reservoirs and vectors, in part because of their ubiquity 
in the environment, their resistant cyst stages, and their potential to grow in 
water supplies, cooling, humidification systems, and recreational waters. 

Endosymbiosis has also been shown to protect Legionella against disinfection 
(Kilvington and Price 1990) and to enhance the ability of both the bacteria and 
protozoa to cause disease (see IV.E). Thus, the presence of Acanthamoeba in 
drinking water distribution systems not only may add to the survival of other 
waterborne pathogens, but this relationship may enhance their virulence 
(Fig. 2). 



III. Occurrence 

Acanthamoeba are abundant in the environment and have been isolated from 
tapwater, seawater, air, soil, dust, and vegetables (Table 5). They feed on bacte- 
ria, fungi, other protozoa, and Cyanobacteria (blue-green algae) (Rodriguez- 
Zaragoza 1994). They are found in greatest numbers where other microorgan- 
isms are most numerous. 




^ A* ^ 



Amoeba 



Bacteria 



of both organisms 



Endosymbiotic 




of bacteria to 
disinfectants 






Fig. 2. Significance of endosymbiosis to waterborne disease transmission. 
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Table 5. Occurrence of Acanthamoeba. 



Source Reference 



Water fountains 
Tap water (Mexico) 
Bottled water (Mexico) 
Hospital tap water 
Eyewash stations 
Freshwater ponds 
Thermal water 

Well water 
Physiotherapy tubs 
Aquaria 

Municipal sewage 

Ocean sewage dump site 

House dust 

Garden soil 

Sand box 

Garden vegetables 

Fish 

Air conditioner 



Crespo et al. (1990) 
Rivera et al. (1979) 
Rivera et al. (1981) 

Rohr et al. (1998) 
Tyndall et al. (1987) 
John and Howard (1995) 
de Jonckheere (1979a); 

Dive et al. (1982) 
Jones et al. (1975) 
Penas- Ares et al. (1994) 
de Jonckheere (1979b) 
Singh and Das (1972) 
Sawyer et al. (1982) 
Yamaura et al. (1993) 
Singh (1952) 

Yamaura et al. (1993) 
Rude et al. (1984) 

Taylor (1977) 

Walker et al. (1986) 



A. Surface Waters 

One of the early studies on the numbers of Acanthamoeba in a freshwater lake, 
published by O’Dell (1979), reported a distinct seasonal variation in populations 
of A. polyphaga ranging from approximately 200 to 1000 per gram of lake- 
bottom mud during February through July and 200-2100/g during August 
through January. Peak counts were noted during August and September. Acan- 
thamoeba castellanii was also observed in this study but was recovered only on 
three occasions and did not exceed a population of 200/g. Detterline and Wil- 
helm (1991) collected water samples from 59 sites in federally managed recre- 
ational waters of the United States and recovered temperature-tolerant strains of 
Acanthamoeba from 16 of 31 sites that grew at 37 °C. Kyle and Noblet (1987) 
published a detailed account of amoebae present in a spillway reservoir in South 
Carolina. The authors studied the lake throughout the course of a year to record 
seasonal influences on amoeba populations, such as dissolved oxygen, attenua- 
tion, and water temperature. In the surface water, amphizoic amoebae ranged 
from 5 to 10 amoebae/50 mL water in May and peaked at 98/50 mL in July. 

Asiri et al. (1990) tested sediments along a transect in the Potomac River 
ranging from nontidal waters above Washington, DC to tidal waters (brackish) 
0.8 m below a municipal sewage treatment plant. They identified seven species 
of Acanthamoeba, most of which occurred in the tidal portion of the river near 
the sewage treatment plant. John and Howard (1995) processed 2016 samples 
from ponds in Oklahoma and recovered 34 strains of pathogenic (induced brain 
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damage) amoebae with 35% identified as Acanthamoeba. They estimated ap- 
proximately 1 pathogen per 60 samples and 1 pathogen per 3.4 L water. John 
and Howard found the highest percentage of pathogens during spring and fall, 
whereas Kyle and Noblet (1987) found summer and fall to be the peak periods. 

Acanthamoeba spp. have been occasionally detected in marine water and 
sediments. Most studies on Acanthamoeba spp. in marine sediments have been 
carried out in areas where sewage and other wastes have been dumped at sea 
(O’Malley et al. 1982; Sawyer et al. 1982). Sawyer et al. (1992) later recovered 
several species of Acanthamoeba from sewage-contaminated inshore New York 
and New Jersey shellfish beds that were periodically closed to shellfish harvest- 
ing. Munson (1993) recovered several species of Acanthamoeba from coastal 
waters of Bermuda, noting a high frequency of recovery of Acanthamoeba spp. 
near sewage outfalls. 



B. Tapwater and Bottled Water 

Acanthamoebae have been detected in tapwater, and several studies have docu- 
mented their occurrence; however, all these studies have been done in countries 
other than the U.S. Rivera et al. (1979) collected 25 one-gallon (1-gal) water 
samples from faucets in private residences in Mexico: flagellates were found in 
84% of the samples, amoebae in 13%, and ciliates in 1.9%. Although found 
infrequently, Acanthamoeba astronyxis and A. castellanii were recovered from 
the same samples. In another study, Hamadto et al. (1993) tested 50 tap water 
samples in Egypt and recovered unidentified species of Acanthamoeba from 2 
samples. Michel et al. (1998) tested drinking water in a new hospital in Ger- 
many and found amoebae in 20 of 37 (54%) samples; 2 of 16 isolates of Acan- 
thamoeba were pathogenic to mice. Rohr et al. (1998) collected water from 56 
hot water taps in hospitals, also in Germany, and found amoebae in 29 (56%) 
of them. The authors recovered five genera of cyst-forming amoebae but none 
were species of Acanthamoeba. In England, Seal et al. (1992) isolated Acanf/ja- 
moeba from five of six bathroom cold water taps supplied by storage tanks and 
one kitchen cold water tap supplied by the mains. When 41 strains of amoebae 
were recovered from 49 swab samples collected from moist areas in the hospital, 
such as walls, floor tiles, and sinks, 22% were species of Acanthamoeba. In 
Germany, Michel et al. (1998) recovered a species of Acanthamoeba from a 
hospital cold water tap. In Hong Kong, Houang et al. (2001) found that 8% of 
the homes were colonized with Acanthamoeba. 

The common occurrence of Acanthamoeba in eyewash stations filled with 
tapwater containing free chlorine (concentration of chlorine was not reported) 
has been reported in the U.S. (Bowman et al. 1996). Acanthamoeba are able to 
grow in stagnant water in eyewash stations, and regular flushing is required to 
control their numbers. The presence of free chlorine or other disinfectants was 
not reported in any of the previous studies. 

Rivera et al. (1981) tested three popular brands of bottled mineral waters 
available in local stores in Mexico and identified Naegleria gmberi, Vahlkamp- 
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fia vahlkampfi, and Acanthamoeba astronyxis. The author did not state how or 
if the water had received any processing before bottling. 

C. Swimming Pools and Spas 

Residential and public pools and spas have been documented as frequent sources 
of amphizoic amoebae, including Acanthamoeba. When amoebae were first 
identified as a cause of meningitis, Lyons and Kapur (1977) tested water from 
30 public pools in New York disinfected with either chlorine or bromine and 
recovered amoebae from 27 pools. The species were not identified but were 
referred to as belonging to the “Hartmannella- Acanthamoeba"’ group, a term 
often used before the two genera were recognized as distinct taxonomic entities. 
Acanthamoeba has been isolated in swimming pools or other bodies of water 
around the world, including Germany (Janitschke et al. 1980), Mexico (Rivera 
et al. 1983), and frozen swimming areas in Norway (Brown and Cursons 1977). 

Thermal bathing pools (spas) are also sources for potentially pathogenic 
amoebae (Martinez 1985). Brown et al. (1983) tested nine thermal pools in New 
Zealand and identified temperature-tolerant strains of Acanthamoeba from 20 % 
of them. They set up 88 subsamples from the pools and found Acanthamoeba 
in 5 (5.7%). Rivera et al. (1987) studied three resorts in Mexico that received 
water flowing from natural springs of thermal water. They recovered 12 strains 
of Acanthamoeba from cultures incubated at 42 °-45 °C; 2 strains were identi- 
fied as A. castellanii, 1 as A. lugdunensis, and the others as Acanthamoeba spp. 
All were pathogenic to mice. In a second study (Rivera et al. 1991) they recov- 
ered A. culbertsoni and A. polyphaga from heated physiotherapy tubs. Penas- 
Ares et al. (1994) tested heated water used to fill 12 spas in Spain; the water 
was classified as sulfurous, and temperatures ranged from 34° to 64 °C. The 
authors recovered 13 strains of amoebae from 8 of the spas. Four of the 8 spas 
yielded A. polyphaga or A. lenticulata, but only A. polyphaga was found to be 
pathogenic to mice. The amoebae may survive pool and spa disinfection proce- 
dures because of their resistant cyst stages. 

D. Sewage and Biosolids 

Daggett (1982) published a description of potentially pathogenic Acanthamoeba 
and Naegleria in polluted waters with emphasis on health risks to divers. Singh 
and Das (1972) studied biosolid samples in Bombay, India, and recovered strains 
of Acanthamoeba culbertsoni and A. rhysodes that were pathogenic to mice. 
Bose et al. (1990) extended studies on sewage in India to include Calcutta, where 
they isolated a pathogenic strain of A. castellanii and a nonpathogenic strain of 
A. astronyxis. 



E. Animal Wastes 

Bovee et al. (1961) tested intestinal contents from reptiles in Florida using the 
agar plate method and recovered amoebae from 35 of 157 fecal samples. Wilson 
et al. (1967) conducted a follow-up study in Florida, identifying cyst-forming 
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genera of amoebae representing Acanthamoeba from water and the intestinal 
contents of snakes and lizards. Jadin et al. (1973) carried out an extensive study 
on wildlife in France and recovered Acanthamoeba from the feces of snakes, 
toads, frogs, ducks, gulls, and muskrats. The study showed that animals largely 
aquatic in habitat could be sources of Acanthamoeba in natural bodies of water. 
Franke and Mackiewicz (1982) discovered animals that transport Acanthamoeba 
in their feces hy culturing A. polyphaga from the common shiner Notropis cor- 
natus and the white sucker Catostomies commersari from streams in New York. 
Simitzis-LeFlohic and Chastel (1982) reported finding species of Acanthamoeba 
in feces of small feral mammals in Brittany, Tunisia, and France. 

F. Air, Dust, and Soil 

Air is a carrier of dust, dirt, fungal spores, and other forms of particulate matter. 
During a dust storm in Zaire, Africa, Lawande et al. (1979) collected nasal 
swabs from 50 children ranging in age from 1 mon to 10 yr and recovered soil 
amoebae from 12 (24%). Two of the 12 children harbored A. rhisodes. Lawande 
et al. (1979) also exposed open culture plates to the atmosphere for periods of 
30 min to 4 hr. Amoebae identified as A. castellanii and A. culbertsoni were 
recovered as early as 30 min after the plates were opened. The study throughout 
the 4-hr period yielded other species as well, including A. astronyxis, A. pales- 
tinensis, and A. rhisodes. Rivera et al. (1987) conducted similar studies during 
the rainy season in Mexico City, Mexico, recovering A. astronyxis, A. castel- 
lanii, A. culbertsoni, and A. polyphaga from air. In a second study of air in 
Mexico, Rivera et al. (1991) recovered nine species of Acanthamoeba. Air con- 
ditioners and cooling towers also contribute moisture and microbial pathogens, 
including Acanthamoeba, to the atmosphere (Walker et al. 1986; Ma et al. 1990; 
el Sibae 1993). In quantitative studies on the density of Acanthamoeba cysts in 
outdoor air, Kingston and Warhurst (1969) recorded values of one cyst/m^ and 
one cyst of A. castellanii/ IS. 3 m^ of air. 

In summary, Acanthamoeba can be isolated from most aquatic environments, 
air, and soil. Their concentration in water is related to the number of bacteria 
upon which they feed. Little quantitative information is available on their con- 
centration in water, and their occurrence in distribution systems and tapwater 
has not been systematically studied in the U.S. Recreational exposure may occur 
because of their presence in swimming pools, hot tubs, and surface waters. They 
may occur seasonally in greater numbers in the early spring and early fall. 

IV. Health Effects 

Two types of illness are most commonly associated with Acanthamoeba spp., 
Acanthamoeba keratitis (an infection of the eye) and granulomatous amoebic 
encephalitis (GAE). GAE infection is usually considered opportunistic. Keratitis 
occurs primarily in healthy individuals who wear contact lenses and GAE occurs 
primarily in immunodeficient individuals. A comparison of the clinical and 
pathological features of the two diseases is listed in Table 6. 
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Table 6. Comparison of clinical and pathological features of granulomatous amoebic 
encephalitis (GAE) and Acanthamoeba keratitis (AK). 



Features 


GAE 


AK 


Predisposing factors 


Immunodeficiency; AIDS; 
debilitating chronic 
disease 


Good health, corneal trauma, 
wearing of contaminated 
contact lens 


Epidemiology 


Worldwide 


Worldwide 


Usual portals of entry 


Lungs; skin; nose; neuro- 
epithelium 


Corneal abrasion 


Incubation period 


Probably weeks to months 


Probably days 


Clinical course 


Subacute or chronic (several 
weeks to months) 


Subacute or chronic 


Prognosis 


Almost always fatal 


Good if properly treated 


Clinical symptoms and signs 


Personality changes; confu- 
sion; seizures; nausea; 
headache; dizziness 


Eye pain; typical comeal 
ring “infiltrate”; photopho- 
bia; blurred vision 


Treatment 


Itraconazole; Miconazole; 
Sulfametazine; Pentami- 
didine IV (in vitro) 


Polyhexamethylene bigua- 
mide; propamidine isethio- 
nate 



Risk of acanthamoebic eye infection is associated with physical injury to the 
eye or wearing of contact lenses in conjunction with exposure to water contain- 
ing Acanthamoeba such as tapwater, hot tubs, natural springs, bottled water, and 
nonsterile water used to store contact lenses. Reports indicate that 85% of cases 
are associated with individuals who wear contact lenses. 

GAE is a chronic illness of the central nervous system that affects the brain 
and is associated with Acanthamoeba spp. It is an infection primarily of immu- 
nocompromised individuals that usually leads to death. 

A. Eye Infections (Acanthamoebic Keratitis) 

Acanthamoeba species cause acanthamoebic keratitis, a painful, vision-threaten- 
ing disease of the cornea. The infection is associated with minor corneal trauma 
or the use of contact lenses in normal, healthy people. Males and females are 
equally affected. Acanthamoeba keratitis is characterized by severe ocular pain, 
a complete or partial paracentral stromal ring infiltrate, recurrent corneal break- 
down of the epithelium, and a corneal lesion refractory to commonly used oph- 
thalmic antibacterial medication. Clinical features of the disease are listed in 
Table 7. 

Some species of Acanthamoeba were not found to be associated with eye 
disease until the early 1970s. Jones et al. (1973, 1975) and Visvesvara et al. 
(1975) described the case of a rancher who scraped his eye while bailing hay 
and rinsed it with tap water pumped into his house from a well that used unfil- 
tered river water. The authors also described an infection in a young female 
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Table 7. Characteristics and symptoms of patients with Acanthamoeba keratitis. 

Young, healthy individuals 
Wearers of soft contact lens 

Nonpreserved or nonsterile solution used for storage of contact lens 
Eye trauma 

Usually one eye affected 
Extreme eye pain 

Corneal breakdown of the epithelial 

Late in the infection, a corneal ring infiltrate is seen 



nurse who had no history of eye disease, and a fatal infection in a 7-yr-old boy 
who had played in drainage ditches near his home. Nagington et al. (1974) 
described an eye infection in a 32-yr-old schoolteacher who did not have a 
history of exposure to contaminated water, and a second fatal case in a 59-yr- 
old farmer who was hit in the eye by a tree branch. Jones et al. (1975) also 
described a case involving a 58-yr-old farmer who had been exposed to dust 
while bailing barley on his farm. The infection failed to respond to treatment, 
and the eye had to be surgically removed. 

Other cases of physical damage include irritation by an insect (Hamburg and 
de Jonckheere 1980), contamination by barley dust (Jones et al. 1975), and 
wind-surfing (Volker-Dieben et al. 1980). The effects from eye trauma ranged 
from successful treatment to corneal replacement, loss of the affected eye, and, 
rarely, death of the patient. Jones et al. (1975) described a fatal case in a young 
boy who was suspected of playing in a watering trough for cattle. 

Eye infections reported in the 1970s generally were unique case histories 
involving injury. All of this changed when some of the eye infections thought 
to be of viral origin were found to be caused by Acanthamoeba (MMWR 1987). 
Ormerod and Smith (1986) reviewed the histories of 42 cases of keratitis in 
California that occurred between 1977 and 1984 and suggested that it was likely 
that extended-wear lenses might increase the risk of microbial keratitis. Stehr- 
Greene et al. (1987) conducted a case-control study to obtain information on 
the role of contact lens sanitary practices on injury to the eye. They studied 27 
patients with keratitis and 81 uninfected individuals (controls) to compare lens 
care practices. Patients with keratitis were found more likely to use homemade 
solutions than controls (78% vs. 17%) and were more likely to wear lenses 
while swimming (63% vs. 30%). The authors found that microbial contaminants 
other than Acanthamoeba were present in 1 of 59 commercial saline solutions, 
1 1 of 1 1 homemade solutions, and 23 of 29 bottles of nonsterile distilled water. 
Thus, there is little doubt that microorganisms in nonsterile cleansing solutions 
may become established in contact lens cases, perhaps on the lenses themselves, 
and lead to serious eye disease. Badendoch (1991) and Martinez and Visvesvara 
(1997) have reviewed most of the literature on amoebic eye diseases beginning 
with some of the earliest recognized cases and noted that successful outcomes 
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depended on early diagnosis and treatment. Martinez and Visvesvara (1997) 
estimated that, as of January 1996, more than 750 cases of amoebic keratitis 
had been reported worldwide. 

There are several important risk factors associated with acanthamoebic kera- 
titis. Most patients have at least one of these identifiable factors, which include 
corneal trauma, exposure to contaminated water, and contact lens use. Approxi- 
mately 71%-85% of patients with acanthamoebic keratitis are contact lens wear- 
ers (Moore and McCulley 1989; Moore et al. 1985). 

No single type of contact lens has been excluded from association with acan- 
thamoebic keratitis. People with daily- wear soft contact lenses account for ap- 
proximately 75% of the cases, those with extended-wear contact lenses about 
14%, with hard contact lenses about 6%, and people with rigid gas-permeable 
lenses account for about 4% (Moore et al. 1985). In another study, Stehr-Green 
et al. (1987) reported that most patients (95%) had at least one risk factor for 
acanthamoebic keratitis; of the 85% who wore contact lenses, most wore daily- 
wear (56%) or extended-wear (19%) soft lenses. Some patients (including both 
types of contact lens wearers, 26%) had a history of corneal trauma before 
developing acanthamoebic keratitis, and 25% of patients had a history of expo- 
sure to contaminated water. 

Two studies have identified tapwater washing of lens cases in cases of Acan- 
thamoeba (Seal et al. 1996, Ledee et al. 1996). Using molecular fingerprinting 
techniques, Ledee et al. (1996) established domestic tapwater in the United 
Kingdom as the source of contamination in contact lens wearers. Similarly, 
contact lens wearers who have been exposed frequently to hot tubs or natural 
springs are at risk of developing acanthamoebic keratitis (Wilhelmus and Jones 
1991). 

Symptoms of Acanthamoeba keratitis Clinical symptoms are usually a history 
of pain and the formation of a whitish halo or ring infiltrate around the periphery 
of the cornea (Fig. 3). Although most cases present a history of contact lens 
wear, the infections are also associated with a foreign object or physical trauma 
in the affected eye. 

Diagnosis of Acanthamoeba Keratitis Positive diagnosis of acanthamoebic 
keratitis can be made by in vivo confocal microscopy, but diagnostic tests usu- 
ally rely on demonstrating amoebae on corneal scrapings or biopsy material 
(Seal et al. 1996). Samples of corneal epithelium and any infiltrated stroma are 
removed under local anesthetic, and contact lenses and storage cases may also 
be cultured. The most common method is to inoculate the sample into the center 
of a nonnutrient agar plate seeded with E. coli (Singh and Petri 2000). With 
incubation at 32 °C in air, migration tracks are usually visible within 48 hr. 
Positive identification requires some experience, and it is useful to incubate a 
control plate that is not inoculated with a clinical specimen. 

Identification Procedures Standard methods for morphological characteriza- 
tion, isoenzyme electrophoresis, immunological techniques, and temperature tol- 
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Ring infiltrate 



Slit lamp view showing a paracentral 
complete ring infiltrate of the cornea. 



Infected Eye showing the 
diagnostic concentric ring 




Normal Eye 



Fig. 3. Appearance of cornea in Acanthamoeba keratitis. (Top figure), reprinted from 
OPHTHALMOLOGY, V92: 147 1-1479, Theodore FH et al: “The diagnostic value of a 
ring infiltrate in Acanthamoeba keratitis.” © 1985 American Academy of Ophthalmology. 



erance tests have been published and widely used (Singh and Petri 2000). Re- 
sults obtained by using one or more of these techniques, coupled with animal 
pathogenicity tests and the shape and size of cysts, are often adequate for identi- 
fying more commonly occurring species of Acanthamoeba. 

Corneal biopsy of the infected eye is usually sufficient for confirming infec- 
tion by amphizoic amoebae. However, it may be possible to make an identifica- 
tion of genus when distinctive double-walled wrinkled cysts suggest a Group 
III species of Acanthamoeba. When amoebae from corresponding pieces of tis- 
sue appear on culture plates, the cysts are often distinctive enough to place 
the organism in Acanthamoeba. Keys to soil amoebae (Page 1976, 1988) or 
photographs (Pussard and Pons 1977) often are sufficient for identifying some 
of the well-known species. Biochemical methods for obtaining isoenzyme pro- 
files (de Jonckheere and Michel 1988) are extremely useful in combination with 
morphological features for identifying most amoebae (Sawyer 1992). Griffin 
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(1972) used thermotolerance as one method for screening amoebae for pathoge- 
nicity. 

Treatment of Acanthamoebic Keratitis In the first 10 yr after the emergence 
of acanthamoebic keratitis as a clinical problem, treatment was usually unsatis- 
factory, employing a wide variety of topical agents in combination. In 1985, 
Wright et al. reported successful medical treatment using propamidine isethio- 
nate (Brolene) 0.1%, an aromatic diamidine, applied topically with dibromopro- 
pamidine ointment 0.15%, and followed by treatment with neomycin when signs 
of toxicity occurred. The success of the treatment was attributed to the amoebici- 
dal activity of both propamidine and dibromopropamidine, although subse- 
quently dibromopropamidine was generally omitted from the regimen. Further 
experience showed that a medical cure with propamidine therapy was most 
likely to be achieved if treatment began early in the course of the disease (Moore 
and McCulley 1989). Propamidine was generally combined with neomycin, ini- 
tially instilled hourly and tapered slowly over several months after improvement 
was noted. However, in some patients results were still poor, and more effective 
compounds were sought (Picker 1988). Successful treatment using propamidine 
with miconazole 1% (often with neomycin sulfate-polymixin B sulfate-gramici- 
din) has been reported (Berger et al. 1990), as has combination therapy with 
oral itraconazole, with topical miconazole 0.1% and debridement (Ishibashi et 
al. 1990). Another combination regimen is topical clotrimazole l%-2% with 
propamidine and neomycin sulfate-polymixin B sulfate-gramicidin; in one se- 
ries, medical cure was achieved in 1 1 of 14 patients with eye infections using 
this combination (D’Aversa et al. 1995). 

In the early 1990s, in vitro sensitivity studies showed that the cationic disin- 
fectant polyhexamethylene biguanide (PHMB) was highly effective in killing 
both cysts and trophozoites, and in 1992 Larkin et al. reported its successful 
clinical use at a concentration of 0.02%. The main theoretical advantage of 
PHMB over other compounds seems to be its consistently high cysticidal activ- 
ity against a number of strains, compared with other compounds that may be 
active against some strains but relatively ineffective against others. Another fac- 
tor is that, in contrast to propamidine, PHMB does not appear to be associated 
with toxicity problems (Johns et al. 1988). Clinical experience with PHMB, 
usually in combination with propamidine, has shown that if used early enough 
in the course of the disease the prognosis is very good, and penetrating kera- 
toplasty is unlikely to be necessary (Illingworth et al. 1995). Use of the diamid- 
ine derivative hexamidine, which appears to have a greater cysticidal activity 
than propamidine, was reported by Brasseur et al. (1994). The use of chlorohexi- 
dine 0.02% as an alternative to PHMB has also been reported, resulting in a 
medical cure in 11 of 12 patients (Seal et al. 1996). 

Incidence of Acanthamoeba Keratitis Acanthamoeba keratitis is not a report- 
able disease in the U.S., so the true incidence is not known. Published work 
suggests an incidence of 0.58-0.71 cases/1,000,000 in the general population. 
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and 1.65-2.01/1,000,000 among contact lens wearers (Schaumberg et al. 1998). 
One study in the UK reported an incidence of 149/1,000,000 among contact 
lens wearers (Seal 2000). Studies reporting the incidence of Acanthamoeba kera- 
titis are summarized in Table 8. The incidence of all causes of microbial keratitis 
(largely bacterial) is about 400/1,000,000 among contact lens wearers. World- 
wide, the incidence of microbial keratitis has been reported to range from 1.1/ 
1,000,000 to 2,000/1,000,000 among contact lens wearers (Cheng et al. 1999). 
Difficulties in the diagnosis of Acanthamoeba keratitis probably lead to an un- 
derestimation of the true number of cases. An estimate of Acanthamoeba kerati- 
tis known cases in the U.S. at present is 500, with more than 3,000 cases world- 
wide (Martinez and Visvesvara 2001). 

Pathogenicity The pathogenesis of acanthamoebic keratitis has been suggested 
to follow two pathways (Alizadeh et al. 1995). The first pathway is restricted 
to the epithelium without involvement of the stoma and has a good prognosis. 
The second pathway culminates in the parasites entering the stoma, resulting in 
extensive necrosis and edema. The first step in the initiation of infection is the 
attachment to the epithelial surface. Amoebae bind to the corneal surface and 
produce epithelial thinning and necrosis. 

The pathogenicity of Acanthamoeba spp. is related to its ability to attach 
to corneal epithelial cells. Khan (2001) found that Acanthamoeba exhibited 
higher number of acantodia, structures associated with the binding of amoeba 
to the target cells in the eye, as compared to nonpathogenic Acanthamoeba. 
Additional results indicated that phagocytosis occurs in the pathogenic amoeba 
by formation of amoebastone, characteristic of amoeba phagocytes, and that 
Acanthamoeba phageocytosis may be both an efficient means of obtaining 
nutrients and a significant factor in pathogenesis of Acanthamoeba infections. 



Table 8. Worldwide incidence of Acanthamoeba keratitis. 



Incidence per 
1,000,000 


Population 


Country 


Year(s) 


Reference 


1.65-2.01 


CLW 


USA 


1985-1987 


Schaumberg et al. (1998) 


1.1 


CLW 


Netherlands 


1996 


Cheng et al. (1999) 


149 


CLW 


UK 


1996 


Seal (2000) 


0.58-0.71 


GP 


USA 


1985-1987 


Schaumberg et al. (1998) 


1.40 


GP 


UK 


1996 


Radford et al. (1998) 


1.30 


GP (Iowa well 
water) 


USA 


1993-1994 


Meier et al. (1998) 


14.3 


GP (during 
flooding of 
municipal 
systems) 


USA 


1993-1994 


Meier et al. (1998) 



CLW: contact lens wearer; GP: general population. 




no 



N. Nwachuku and C.P. Gerba 



Khan et al. (2001) differentiated pathogenic Acanthamoeba by their ability to 
produce cytopathogenic effects (CPE) on corneal epithelial cells in culture. They 
also reported that pathogenic Acanthamoeba showed growth on higher osmolar- 
ity (1 M mannitol) whereas growth of nonpathogens was inhibited. The patho- 
genic potential of A. castellani isolates was correlated with the ability to bind to 
the corneal epithelium, respond chemotactically to corneal endothelial extracts, 
elaborate plasminogen activators, and produce cytopathogenic extracts (van 
Klink et al. 1992). 

The 18S rRNA gene (Rns) phylogeny of Acanthamoeba has been investi- 
gated as a basis for improvements in the nomenclature and taxonomy of the 
genus (Stothard et al. 1998). Twelve linages referred to as T1-T12 have been 
identified, with most of the keratitis-causing strains belonging to group T4 
(Stothard et al. 1998; Walochnik et al. 2000). More recently, type T6 has also 
been reported to be associated with keratitis (Walochnik et al. 2000). 

Another factor in the pathogenicity of Acanthamoeba may be an individual’s 
ability to produce antibodies in tears (Alizadeh et al. 2001). The presence of 
serum antibody in 50%-100% of the population suggests that exposure to Acan- 
thamoeba species is ubiquitous (Cursons et al. 1980b; Cerva 1989). However, 
patients with Acanthamoeba keratitis have significantly higher anti-Acantha- 
moeba IgG antibody titers than heathy subjects (Alizadeh et al. 2001). In con- 
trast, anii-Acanthamoeba tear IgA was significantly lower in patients with Acan- 
thamoeba keratitis in comparison with healthy subjects, suggesting that a low 
level of anti-Acanthamoeba IgA antibody in the tears may be associated with 
Acanthamoeba keratitis. 

In summary, the pathogenic potential of Acanthamoeba appears to be related 
to certain strains and the ability of the host to produce IgA antibodies in the 
tears. 

Immunity The presence of serum antibody in 50%-100% of the population 
suggests that exposure to Acanthamoeba species is common (Cursons et al. 
1980a; Cerva 1989). These antibodies were shown to be capable of neutralizing 
cytopathogenic effects of Acanthamoeba (Ferrante 1991). Patients with Acan- 
thamoeba keratitis have a significantly higher anti-Acanthamoeba IgG antibody 
titer than healthy subjects (Alizadeh et al. 2001). In contrast, anti-Acanthamoeba 
tear IgA is significantly lower in patients with Acanthamoeba keratitis in com- 
parison with healthy subjects, suggesting a low level of anti-Acanthamoeba IgA 
antibody in the tears may be associated with Acanthamoeba keratitis. Persistent 
corneal and scleral inflammation observed following cases of Acanthamoeba 
keratitis is not always caused by active amoebic infection but can be due to 
persisting acanthamoebic antigens. Yang et al. (2001) found that Acanthamoeba 
cysts can persist for up to 31 mon in the eye after treatment although tropho- 
zoites are no longer present. They hypothesized that Acanthamoeba cysts can 
remain in corneal tissue for extended periods of time and may cause persistent 
inflammation in the absence of active amoebic infection. 

The feasibility of inducing protective immunity to Acanthamoeba keratitis 
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has been tested in a pig model (Alizadeh et al. 1995). It was possible to induce 
immunity in 50% of the animals by subconjunctival injection of the parasites, 
and in 100% by a combination of intramuscular and subconjunctival injection, 
whereas corneal infection alone did not confer immunity to subsequent infec- 
tion. 



B. Granulomatous Amoebic Encephalitis 

Granulomatous amoebic encephalitis (GAE) caused by Acanthamoeba spp. is 
the second major infection associated with Acanthamoeba. GAE is a chronic, 
progressive disease of the central nervous system occurring most often in per- 
sons with poor immune systems or other debilitating health problems. Predis- 
posing factors include chemotherapy, dialysis, diabetes mellitus, treatment with 
steroids, chronic alcoholism, smoking, bone marrow or renal transplantation, or 
acquired immunodeficiency syndrome (AIDS) (Marciano-Cabral et al. 2000). 
Chronic skin infections have been reported from patients with GAE. However, 
it is not known whether skin lesions provide the primary site of infection or 
represent terminal dissemination of Acanthamoeba from the lungs to other sites 
(Marciano-Cabral et al. 2000). In most AIDS patients, skin lesions and sinusitis, 
which may be caused by A. astronyxis, A. palestinensis, A. culbertsoni, or A. 
castellanii, are common features. The infection spreads from lung or skin le- 
sions to the central nervous system, resulting in neurologica deficits that prog- 
ress over days or weeks to meningoencephalitis and death. 

Another free-living amoeba, Naegleria fowleri, was later discovered to cause 
an aseptic meningitis that was usually fatal (Ma et al. 1990). The term primary 
amoebic meningoencephalitis, or PAM, was proposed for infection by Naegleria 
(Butt 1966), and the term granulomatous amoebic encephalitis, or GAE, was 
proposed for infections by Acanthamoeba (Martinez 1980). The two disease 
entities differ because PAM occurs most often in young people, is associated 
with swimming, and has a rapid onset of symptoms. In contrast, GAE occurs 
most often in patients with poor immune systems or patients suffering from 
long-standing health problems regardless of age. GAE caused by Acanthamoeba 
or Balamuthia is now recognized as a disease occurring most often in persons 
with poor immune systems or suffering from some other debilitating health 
problem (e.g., alcoholism, diabetes, smoking, or AIDS). The amoebae are be- 
lieved to enter the bloodstream, probably via the nose, lungs, or breaks in the 
skin following injury or trauma: they then affect various organs by hematoge- 
nous spread. Balamuthia has been identified in approximately 40 patients in 
the U.S., including more than 10 with AIDS infection (Martinez et al. 1997; 
Visvaresvara 2001). In contrast, Acanthamoeba has accounted for approximately 
84 (-50 with AIDS) cases in the U.S. and 120 worldwide (Martinez et al. 1997; 
Visvaresvara 2001). The disease may be the end result of long-term injury. Eatal 
infections probably occur in individuals with extensive damage to the central 
nervous system and internal organs before the manifestation of overt clinical 
symptoms. 
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The exact pathway of amoebae entering the brain is difficult to determine, 
because in most cases with a fatal outcome there has been a history of predispos- 
ing factors. It is believed that the amoebae are spread throughout the body via 
blood vessels (hematogenous spread), after entry through the nasal passages, 
lower respiratory system, or breaks in the skin caused by injury (Ma et al. 1990). 
Patients who have been treated for GAE range from children to elderly adults 
with a clinical history of illness ranging from about 1 wk to 6 mon (Martinez 
et al. 1977). Symptoms of neurological disease on admission to a hospital are 
varied, including headache, drowsiness, low-grade fever, and stiffness of the 
neck. Other symptoms that may appear early in the disease are personality changes, 
seizures, nausea, vomiting, or lethargy (Martinez and Visvesvara 1991). Thor- 
ough diagnostic procedures are necessary to recognize amoebic meningoenceph- 
alitis because on initial examination the disease is not always easy to distinguish 
from bacterial meningitis, tuberculous meningitis, brain tumors, or viral menin- 
gitis (Martinez and Visvesvara 1997). Martinez and Janitschke (1985) reviewed 
33 cases of GAE and listed several illnesses associated with the patients who 
had the disease that included skin ulcers, cirrhosis of the liver, hepatitis, pneu- 
monitis, renal failure, collagen-connective tissue disease, and pharyngitis. Pre- 
disposing factors mentioned by the authors included chemotherapy, radiation 
treatment, steroids, broad-spectrum antibiotics, alcoholism, splenectomy, and 
peritoneal dialysis. 

Diagnosis and Treatment of GAE Patients with confirmed GAE usually are 
chronically ill, immunosuppressed, or debilitated by other causes. By the time 
a diagnosis has been made, the central nervous system may have been invaded, 
probably via the nasal passages, respiratory tract, or skin (Martinez 1993). The 
diagnosis may be questionable at first because of the possibility of brain tumor, 
abscess, or intracerebral hematoma (Visvesvara et al. 1997). Successful treatment 
is rare, and infection usually results in the death of the patient. In vitro studies 
have shown that diamidine derivatives such as pentamidine, propamidine, mico- 
nazole, ketoconazole, and 5-fluorocytosine may be effective in treating GAE 
(Martinez et al. 1997). Sometimes skin nodules harboring Acanthamoeba are 
detected before spreading to internal organs and the central nervous system. 
Visvesvara et al. (1997) suggested that when skin nodules or ulcers are present, 
treatment may be tried using topical chlorhexidine gluconate and intravenous 
pentamidine. 

In spite of the poor prognosis for most patients with GAE, efforts to find at 
least a partially successful treatment are in progress. A new class of peptide com- 
pounds called magainins may have amoebostatic and amoebicidal properties when 
used with other amoebicidal agents (Martinez et al. 1997; Schuster and Jacob 
1992). Schuster and Visvesvara (1998) tested antimicrobials and phenothlazine 
compounds against amphizoic amoebae but found the levels affecting them proba- 
bly were too high for clinical use. In other efforts, Chu et al. (1998) have studied 
the effects of plant extracts that were amoebicidal or induced encystment. 
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Incidence of GAE The global incidence as of 2000 stood at 120 recorded GAE 
cases; 84 of those occurred in the U.S., and more than 50 of the GAE cases 
were found in AIDS patients (Martinez and Visvesvara 2001). There is general 
agreement that both GAE and keratitis have increased in the past 10 years in 
the U.S. because of the increase in contact lens wearers of all ages for various 
reasons, including athletic and cosmetic, and the increase in the number of im- 
munosuppressed individuals (Marciano-Cabral et al. 2000; EPA 1998). 



Pathogenesis and Immunity The pathogenesis of GAE is complex and poorly 
understood (Martinez and Visvesvara 1997). In GAE, the immunity is pre- 
dominantly T-cell mediated; therefore, the dimunition of CD-I- and T helper 
lymphocytes, as occurs in AIDS patients, enables the proliferation of free-living 
amebae. Ulceration of the skin containing both amebic trophozoites and cysts 
suggests also the portal of entry into the bloodstream. In experimental animals, 
the olfactory neuroepithelium has also been found to be a possible portal of 
entry (Janitschke et al. 1996). The incubation period of GAE is unknown but is 
probably longer than 10 d. The ability of the Acanthamoeba to produce necrosis 
of the brain tissue is probably due to an enzymatic action induced by lysosomal 
hydrolases and phospholipase that can degrade the phospholipids of the myelin 
sheaths (Martinez and Visvesvara 1997). 

Studies in mice have demonstrated that it is possible to immunize animals 
against Acanthamoeba meningoencephalitis (Culbertson 1971; Rowan- Kelly 
and Ferrante 1984). Animals immunized intraperitoneally with sonicated tropho- 
zoites of A. culbertsoni were highly resistant to intranasal infection with the 
organism; however, those immunized with a nonpathogenic A. culbertsoni or A. 
polyphaga were not protected against infection with A. culbertsoni. 



GAE in Domestic Animals and Wildlife Several reports of amphizoic amoebae 
in animals appeared in the literature at about the same time as they were found 
in fatal infections in humans. The principal difference between human and ani- 
mal infection is that infection in humans occurs primarily in persons with defi- 
cient immune systems or those taking immunosuppressive drugs, which is not 
found in cases involving animals. Kadlec (1978) carried out one of the most 
extensive surveys of infection in domestic animals by amphizoic amoebae that 
identified Acanthamoeba spp. from bulls, cows, a rabbit, pigeons, and turkeys. 
Infection in animals probably occurs by the same routes as reported for humans. 
It has also been described in dogs by several investigators (Ayers et al. 1972; 
Bauer et al. 1993). Infections in the lung of water buffalo and bulls could have 
had a nasopharyngeal origin from drinking unclean water (Dwivedi and Singh 
1965; McConnell et al. 1968). Evidence for water as a source of infection in 
animals by Acanthamoeba is found in reports of the amoebae in the gills, spleen, 
urinary bladder, or blood of wild-caught and ornamental fish (Taylor 1977; Dy- 
kova et al. 1996; Booton et al. 1999). 
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C. Other Infections Caused by Acanthamoeba 

Occasional infections by Acanthamoeba spp. have included a purulent discharge 
from an ear (Lengy et al. 1971), a granulomatous skin lesion (Gullet et al. 1979), 
rhinosinusitis in an AIDS patient (Teknos et al. 2000) and possible association 
with intestinal disorders (Hoffler and Rubel 1974; Mehta and Guirges 1979; 
Thamprasert et al. 1993). 

D. Immunocompromised Individuals 

Several reports of Acanthamoeba infection in AIDS patients have involved the 
skin, as well as other tissues, and in most cases there was a fatal outcome in 
spite of treatment. In AIDS patients it is not always absolutely clear whether 
the AIDS virus or the amoeba was the primary cause of death. The infection 
with free-living amoebae is a terminal event. Individuals with deficient immune 
systems, whether natural or acquired, represent a segment of the population that 
is most likely to succumb to infections with microbial pathogens, including 
amphizoic amoebae. Gonzalez et al. (1986) reported a case resulting in death in 
a 29-yr-old patient with AIDS. At autopsy, amoebae were found in the paranasal 
sinuses, a calf nodule, and an abscess of the left leg, but not in the brain. The 
following year, Wiley et al. (1987) examined a 34-yr-old patient with a history 
of nasopharyngeal allergies and infections with Giardia lamblia and Crypto- 
sporidium spp. The patient underwent an appendectomy and developed a hard 
skin nodule above the surgical scar. The patient stated that he had noticed pain- 
ful skin lesions before surgery. At autopsy, amoebae were found in the brain 
and the skin. Tissue fragments placed in kidney cell tissue cultures yielded 
amoebae identified as Acanthamoeba culbertsoni. Another case involving skin 
infection was reported by Friedland et al. (1992), who treated an AIDS-infected 
8-yr-old Hispanic boy who died of the infection. The patient had a persistent 
nasal discharge and skin nodules that eventually became ulcerated and 2-4 mm 
deep before death. Gordon et al. (1992) described a fatal case in an AIDS patient 
caused by A. polyphaga, and Gardner et al. (1991) described a case probably 
caused by A. rhisodes. Other fatal cases in AIDS patients were reported in 1994 
(Park et al. 1994) and 1996 (Telang et al. 1996). 

Visvesvara et al. (1983) described a fatal case of GAE that involved a patient 
with a liver transplant. Twenty-six days after the transplant, the patient was 
readmitted to the hospital with pneumonia and cytomegalovirus infection. At 
autopsy, amoebae were found in the brain, lungs, blood vessel walls, adrenal 
and thyroid glands, lymph nodes, skin, and breast tissue. Borochovitz et al. 
(1981) identified A. castellanii from a bone graft in a diseased mandible. Ander- 
lini et al. (1994) described two cases of fatal amoebic encephalitis in patients 
with leukemia who had received bone marrow transplants. 

E. Effect of Endosymbiosis on Virulence 

Acanthamoeba spp. have been demonstrated to develop endosymbiotic relation- 
ships with a number of waterborne bacteria, including Legionella pneumophila 
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and Mycobacterium avium (see Table 4). This relationship may be important 
both in the growth and survival of these opportunistic pathogens in drinking 
water systems and in their ability to cause disease in humans. 

Cirillo et al. (1997) found that Mycobacterium avium replicates within Acan- 
thamoeba castellanii and that this association enhanced both entry and intracel- 
lular replication compared to the growth of the bacteria in broth culture. Further- 
more, amoeba-grown M. avium was also more virulent in a mouse model. They 
also found that the highest growth rate of the M. avium in the amoebae was 
near 37 °C. From this observation, they suggested that if growth of M. avium in 
water environments occurs primarily within protozoa, the fact that M. avium has 
temperature-dependent growth in amoebae may explain why M. avium infec- 
tions are more frequently associated with warm water supplies. It was also found 
that nonpathogenic strains of Mycobacterium were readily killed within the 
amoeba. 

Cirillo et al. (1999) found Legionella pneumophila grown in A. castellanii to 
be at least 100 fold more invasive for macrophages than when grown on agar. 
They also provided evidence that amoeba-grown L. pneumophila expressed dif- 
ferent proteins that may have been related to its enhanced invasiveness. The 
authors also suggested the replication of L. pneumophila in protozoans present 
in domestic water supplies may be necessary to produce bacteria that are compe- 
tent to enter mammalian cells and produce human disease. A recent study has 
suggested that endosymbiosis enhances the virulence of the Acanthamoeba. 
Fritsche et al. (1998) reported that endosymbiont-infected amoebae produced a 
statistically significant enhancement in cellular destruction of human embryonic 
tonsilar (HET) cell monolayers in comparison to uninfected amoeba. Neither 
the bacteria or Acanthamoeba alone was capable of producing cellular destruc- 
tion (i.e., cytopathic effects). Whether such enhanced pathogenic effects occurs 
in clinical Acanthamoeba infections is unknown. 

V. Risk Assessment 

Certain species of the genus Acanthamoeba have been associated with eye dis- 
ease in humans. Five such species are listed in Table 9. Most of the infections 
(85%) in the U.S. are associated with the use of contact lenses and the remainder 
with some trauma to the eye (Stehr-Greene et al. 1987). Infection results from 
exposure to Acanthamoeba through improper storage of lenses, wetting of the 
lenses with unsterile solutions, improper disinfection of lenses, or swimming 
while wearing contact lenses. One epidemiological study suggests that increased 
risk may exist from municipal supplies that have been subjected to flooding 
(Meier et al. 1998). The concentration of free-living amoebae in surface waters 
may vary seasonally, creating a greater exposure at certain times of the year. 
Acanthamoeba is common in the aquatic environment (see Section III), and its 
cyst form is resistant to inactivation by chlorine (Radford et al. 1998). Wetting 
or storage of lenses in tapwater appears to be the most significant route of 
exposure for contact lens wearers. Molecular-based investigations have estab- 
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Table 9. Human infection caused by species of Acanthamoeba. 



Species of 


CNS 


Eye 






Acanthamoeba 


infection 


infection 


Other tissues 


Reference 


A. astronyxis 


X 




Adrenal, lymph node, 
sinus, skin, thyroid 


Gullett et al. (1979) 


A. castellanii 


X 


X 


Lung, prostate, bone. 


Martinez (1982) 








muscle, sinus, skin 


Martinez et al. (1977) 
Moore et al. (1985) 
Borochovitz et al. (1981) 
Gonzalez et al. (1986) 


A. culbersoni 


X 


X 


Liver, spleen, uterus. 


Martinez et al. (1977) 








skin 


Wiley et al. (1987) 
Mannis et al. (1986) 
May et al. (1992) 


A. divionensis 


X 






Di Gregorio et al. (1992) 


A. griffini 




X 




Ledee et al. (1996) 


A. hatchetti 




X 




Cohen et al. (1985) 


A. healyi 


X 






Kim et al. (2000) 


A. palestinensis 


X 






Ofori-Kwakye et al. (1986) 


A. polyphaga 




X 




Singh and Petri (2000) 


A. rhysodes 


X 


X 




Singh and Petri (2000) 



CNS: central nervous system. 



lished domestic tapwater in the UK as a proven source of Acanthamoeba infec- 
tion in lens wearers (Ledee et al. 1996). The organisms have been isolated from 
household taps and probably feed on the microbial biofilm within the distribu- 
tion system. 

An epidemiological study in the midwest U.S. suggested that an epidemic of 
presumed Acanthamoeba infections was associated with municipal water sup- 
plies subjected to flooding during 1993-1994 (Mathers et al. 1996; Meier et al. 
1998). The incidence of presumed Acanthamoeba was 10 times greater (1.30 
vs. 14.3 cases/lO'’) in areas affected by flooding. The incidence was also signifi- 
cantly lower if the home was supplied with tapwater from a private well. In 
both these studies the authors used tandem scanning confocal microscopy and 
confirmatory cytopathological findings to diagnose the cases. However, the au- 
thors were unable to culture Acanthamoeba from individuals with keratitis. The 
authors suggested several reasons for their failure to culture the organism; (1) 
the infections were caused by a new species with different growth requirements; 
(2) the inoculum was insufficient; (3) an inhibitor was present; (4) the organisms 
were present but nonviable; or (5) the infections were caused by another or- 
ganism. 
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A. Resistance to Drinking Water Treatment and Disinfection 

No studies could be found on the effectiveness of drinking water treatment on 
the removal of Acanthamoeba cysts or trophozoites. Given the large size of the 
trophozoites (15-45 pm) and cysts (15-28 pm), they would be easily removed 
by filtration in a conventional water treatment plant. Their isolation from tap- 
water suggests that they can certainly colonize taps and feed on bacteria in the 
biofilm in distribution systems, de Jonckheere and Van de Voorde (1976) re- 
ported Acanthamoeba cysts to be very resistant to inactivation by chlorine, bro- 
mine, and iodine. The chlorine resistance of two different strains varied consid- 
erably. A 99.99% (4 logio) inactivation of a more sensitive strain was achieved 
with 16 mg/L within 1 hr. A 4 logio decrease was not achieved after 24 hr with 
6 mg/L. 

The cysts have also been found to be very resistant to ultraviolet light. Chang 
et al. (1985) found the cysts of A. castellanii to be more resistant than Bacillus 
subtilis spores. A dose of approximately 70 mW-sec/cm^ was required for a 
99% (2 logio) inactivation of the cysts. The viability of the cysts was detected 
with a plaque assay on a lawn of Escherichia coli bacteria, requiring both excys- 
tation and growth of the organism. 

In contrast, the trophozoites are much more sensitive to inactivation by 
chlorine and other disinfectants used to treat drinking water. A chlorine dose of 

1.0 mg/L with a free chlorine residual of 0.25 mg/L after 30 min resulted in 
99.99% reduction of trophozoites (Cursons et al. 1980a) of A. castellanii at pH 

7.0 and 25 °C. A similar reduction with a chlorine dioxide dose of 2.9 mg/L 
(0.65 mg/L after 30 min) was achieved with chlorine dioxide and an ozone dose 
of 6.75 mg/L (residual, 0.078 mg/L after 30 min). The experiments were con- 
ducted in distilled water. Thus, although the trophozoites are inactivated by 
these disinfectants, they are significantly more resistant than bacteria. The resis- 
tance of A. castellanii to chlorine has been shown to add to the resistance of 
Legionella pneumophila growing within the Acanthamoeba and may play a sig- 
nificant role in the survival of opportunistic bacteria and their ecology and per- 
sistence in distribution systems, cooling towers, hot tubs, and other environ- 
ments. Kilvington and Price (1990) reported that A. polyphaga were found to 
protect the legionellas from at least 50 mg/L free chlorine. Control of Acantha- 
moeba in distribution systems may be necessary for control of Legionella pneu- 
mophila and Mycobacterium avium. 

B. Dose Response 

Badenoch et al. (1990) demonstrated Acanthamoeba infections could be induced 
in the rat cornea by coinoculation with the bacterium Corynebacterium xerosis. 
Coinoculation with C. xerosis was necessary to induce the Acanthamoeba infec- 
tion. Infection resulted in 7 of 24 rats that were exposed to 10^ trophozoites and 
in 1 in 10 animals when exposed to lO"* trophozoites. At least lO"* C. xerosis had 
to be coinoculated to achieve these infection rates. The results suggest that at 
least 10^ trophozoites are necessary to cause Acanthamoeba eye infection. 
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C. Risk Characterization 

Acanthamoeba eye infections result from a combination of some eye trauma or 
contact lens use and other potential factors listed in Table 10. The concentration 
of Acanthamoeba in tapwater or aquatic environments may enhance the risk of 
infection. Acanthamoeba infections in contact lens wearers can be eliminated 
by proper care of the lens to avoid exposure to the organism. Exposure to con- 
taminated water is the significant risk factor for contact lens wearers. Because 
Acanthamoeba cysts are resistant to inactivation by chlorine, a common disin- 
fectant used for tapwater, exposure of the contact lenses to tapwater should be 
avoided. Proper disinfection of contact lenses and the solutions which they con- 
tact is essential to prevent infection. 

Acanthamoeba may also play a significant role in the potential for transmis- 
sion of Legionella pneumophila and Mycobacterium avium via drinking water. 
The growth of these organisms within Acanthamoeba may provide protection 
from disinfectants and enhance their ability to cause disease in humans. Provid- 
ing an unsuitable habitat for Acanthamoeba could potentially reduce these risks. 
Low organic matter and disinfectant residuals would be expected to minimize 
the number of bacteria upon which the amoeba feeds. The amoeba population 
may also be limited in size, but not necessarily eliminated, by adequate disinfec- 
tant residuals. 

Although it is clear that a relationship exists between Acanthamoeba in water 
and keratitis, the role of tapwater is not clearly understood. Data on the occur- 
rence and concentration of Acanthamoeba in the United States are lacking. One 
study suggests that municipal supplies that may have become contaminated en- 
hanced the risk of presumed Acanthamoeba keratitis (Meier et al. 1998). Sea- 
sonal distribution of keratitis and abundance of Acanthamoeba in surface waters 
also suggests a relationship. Additional information on the dose required for 
infection and quantitative data on occurrence in drinking water supplies would 
help to better understand the potential risks to contact lens wearers and the 
general public. The incidence of recognized Acanthamoeba keratitis is about 
1-2/1,000,000 (see Table 8). The highest incidence in the U.S., which may have 
been connected to flooding and the use of municipal water supplies, was 14/ 
1,000,000 (Meier et al. 1998). Even if all the cases of Acanthamoeba were 
associated with tapwater, this would be less than the 1:10,000 risk of infection 



Table 10. Mechanisms involved in Acanthamoeba keratitis. 



Previous epithelial trauma 
Vimlence of the organism 

Number of organisms (on contact lens, in disinfection fluid, in contaminated water) 
Capability of the ameba to adhere to the cornea 
Duration of exposure 

Immune response (presence of antibodies in tears) 
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per year that EPA has set as the goal for surface water supplies (EPA 1994; 
Regli et al. 1991). 

VI. Association of Contact Lenses with Acanthamoebic Keratitis 
A. Types of Contact Lenses 

Contact lenses are worn on the surface of the eye to correct defects in an indi- 
vidual’s vision. The first contact lens, made of glass, was developed in 1887 by 
Adolf Pick. The modern contact lens, which was developed in 1948, is made of 
plastic and rests on a cushion of tears (Table 11). It covers the cornea approxi- 
mately over the iris and pupil. The hard plastic contact lenses had a limited 
wearing time because of potential irritation of the cornea. In the 1970s, soft 
lenses made from water-absorbing plastic gel for greater flexibility were intro- 
duced. In the 1980s extended-wear soft lenses, which can be worn without re- 
moval for several weeks at a time, were introduced. Soft contact lenses are 
usually more comfortable because they allow oxygen to penetrate to the surface 
of the eye. In the late 1970s, gas-permeable hard lenses, which allow more 
oxygen to reach the eye, were developed. The Pood and Drug Administration 
must approve all contact lenses before they are available to the public. The types 
of contact lenses currently in use are listed in Table 12. 

B. Demographics of Contact Lens Use 

Currently it is estimated that 34 million Americans wear contact lenses (Contact 
Lens Council 2000). Approximately 85% of the wearers use soft contact lenses 
and 15% use the rigid gas-permeable type. Most wearers use daily-wear lenses 
that are removed at bedtime; 25% use extended- wear lenses (Table 13). 
Extended-wear lenses may be worn overnight and, in some cases, up to a week 
before removal. Only 13% of contact lens wearers are 17 years of age or 
younger (Table 14). Most soft contact lenses (45%) are worn by persons 26-39 



Table 11. History of contact lens development. 



Year 



Event 



1887 First contact lens made from glass; covers the entire eye 
1939 Contact lenses first made from plastic 
1948 Plastic contact lenses designed to cover the cornea only 
1971 Introduction of soft contact lenses 

1978 Introduction of oxygen-permeable lenses 

1981 Food and Drug Administration approves soft contact lenses 
for extended (overnight) wear 

1986 Overnight wear oxygen-permeable lenses become available 

1987 Introduction of disposable soft contact lenses 



Source: Contact Lens Council (2000) {www.contactlenses.org). 
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Table 12. Types of contact lenses. 



Type 


Comments 


Daily-wear soft lenses 


Made of soft, flexible plastics that allow 
oxygen to pass through to the eye. 
Cleaning is required. 


Daily-wear disposable soft lenses 


Typically no lens care is required 


Extended-wear soft lenses 


Available for overnight wear. 

Can usually he prescribed for up to 7 d of 
wear without removal. 


Extended-wear disposable soft lenses 


Worn 1-6 nights and then discarded. 
Require little or no cleaning. 


Rigid gas-permeable lenses 


Made of slightly flexible plastics that allow 
oxygen to pass through to the eye. 

Vision may be better than with soft lenses. 
Long life (1-2 yr). 

Daily and extended wear available. 



Table 13. Wearers and types of contact lenses. 



Type of lens 


Percent of wearers 


Soft lenses 


85 


Rigid gas permeable 


15 


Daily wear 


75 


Extended wear 


25 



Source: Contact Lens Council (2000). 



Table 14. Age distribution of contact lens wearers in the United States. 



Age (yr) 


Percent of soft 
contact lens wearers 


Percent of rigid 
gas-permable contact 
lens wearers 


<17 


10 


3 


18-25 


23 


10 


26-39 


45 


26 


>40 


22 


61 



Source: Contact Lens Council (2000). 
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Table 15. Risk factors associated with acanthamoebic keratitis. 



Risk Factor 


Percent of Acanthamoebic 
keratitis cases 


Wore contact lenses 


85 


Wore daily-wear lenses 


56 


Wore extended-wear lenses 


19 


History of comeal trauma 


26 


History of exposure to contaminated tapwater 


25 



years of age, In contrast, most rigid gas-permeable lenses are worn by persons 
40 years and older. 



C. Risk Factors 

The use of contact lenses is the risk factor most commonly associated with 
acanthamoebic keratitis (Table 15). Stehr-Green et al. (1987) reported that 85% 
of the cases were associated with persons who wore contact lenses. All types of 
contact lenses have been associated with acanthamoebic keratitis (Table 16). 
Infection results from exposure to contaminated fluids used to wet the contact 
lens before placement on the eye or the use of contaminated fluids in storage 
cases. Any contact lens is a potential carrier of Acanthamoeba to the eye surface 
after being exposed to a contaminated fluid. The use of nonsterile solutions such 
as tapwater, bottled water and nonsterile distilled water has been associated with 
Acanthamoeba infections among contact lens wearers (Table 17) (Moore et al. 
1985; Stehr-Green et al. 1987). Infection is also associated with wearing contact 
lenses during swimming (Stehr-Green et al. 1987), use of hot tubs, or exposure 
to natural springs (Wilhemus and Jones 1991). In a case-control study (MMWR 
1987) it was found that of individuals who developed keratitis, 17 of 27 (63%) 
wore lenses while swimming whereas 24 of 81 (30%) did not. Also, patients 
with keratitis were more likely to wet lenses with saliva or wear lenses in a hot 



Table 16. Types of contact lenses associated with acanthamoebic keratitis. 



Type of contact lens 




Percentages of cases 




Illingworth 
et al. (1995) 


Stehr-Green 
et al. (1987) 


Moore 
et al. (1985) 


Daily wear soft 


21 


56 


75 


Daily wear disposable soft 


67 


— 


— 


Extended wear 


— 


19 


14 


Hard 


8 


2 


6 


Rigid gas permeable 


4 


7 


4 
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Table 17. Risk factors for acanthamoebic keratitis in contact lens wearers. 



Use of tapwater to wet or store lenses 

Use of bottled water to wet or store lenses 

Use of distilled water to wet or store lenses 

Use of nonsterile solutions to wet or store lenses 

Wearing lenses during swimming 

Wearing lenses in hot tubs 

Wearing lenses in natural springs 

Use of chlorine to disinfect lenses between uses 

Wetting lenses with saliva 



tub. The type of disinfectant used to treat the lenses during storage may also 
affect the risk of keratitis. Chlorine is not an effective means of disinfection and 
results in a greater risk of keratitis because of Acanthamoeba resistance to this 
disinfectant (Illingworth et al. 1995). 

VII. Summary 

Risk from Acanthamoeba keratitis is complex, depending upon the virulence of 
the particular strain, exposure, trauma, or other stress to the eye, and host im- 
mune response. Bacterial endosymbionts may also play a factor in the pathoge- 
nicity of Acanthamoeba. Which factor(s) may be the most important is not clear. 
The ability of the host to produce IgA antibodies in tears may be a significant 
factor. The immune response of the host is a significant risk factor for GAE 
infection. If so, then a certain subpopulation with an inability to produce IgA in 
the tears may be at greatest risk. There was no sufficient data on the occurrence 
or types of Acanthamoeba in tapwater in the U.S. Published work on amoebal 
presence in tapwater does not provide information on the type of treatment the 
water received or the level of residual chlorine. Assessment of the pathogenicity 
by cell culture and molecular methods of Acanthamoeba in tapwater would also 
be useful in the risk assessment process for drinking water. The possibility that 
Acanthamoeba spp. might serve as vectors for bacterial infections from water 
sources also should be explored. The bacterial endosymbionts include an inter- 
esting array of pathogens such as Vibrio cholerae and Legionella pneumophila, 
both of which are well recognized waterborne/water-based pathogens. Work is 
needed to determine if control of Acanthamoeba spp. is needed to control water- 
based pathogens in water supplies. 
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I. Introduction 

Arsenic contamination of the biosphere from various gold mining and refining 
operations may jeopardize the health and well-being of biological communities. 
This review documents the sources and extent of arsenic discharges to the envi- 
ronment associated with gold mining operations; arsenic risks to human health, 
with emphasis on gold miners, gold refinery workers, and children residing near 
gold mining and refining activities; arsenic concentrations in biota and abiotic 
materials near gold extraction and refining facilities; lethal and sublethal effects 
of different chemical forms of arsenic to representative species of flora and 
fauna; and proposed arsenic criteria for the protection of human health and 
selected natural resources. It is part of a larger work in progress on gold ecotoxi- 
cology. 



II. Arsenic Sources to the Biosphere from Gold Mining 

Gold-bearing ores worldwide contain variable quantities of sulfide and arse- 
nic compounds that interfere with efficient gold extraction using current cyani- 
dation technology. Arsenic occurs in many types of Canadian gold ore deposits, 
mainly as arsenopyrite (FeAsS), niccolite (NiAs), cobaltite (CoAsS), tennantite 
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[(Cu,Fe)i2As4Si3], enargite (CU3ASS4), orpiment (AS2S3), and realgar (AsS) (Az- 
cue et al. 1994). Some gold-containing ores in Columbia, South America, con- 
tain up to 32% of arsenic-bearing minerals, and surrounding sediments may 
hold as much as 6300 mg As/kg DW (Grosser et al. 1994). 

Arsenic enters the environment from a variety of sources associated with 
gold mining, including waste soil and rocks, tailings, atmospheric emissions 
from ore roasting, and hacterially enhanced leaching. The combination of open- 
cast mining and heap leaching generates large quantities of waste soil and rock 
(overburden) and residual water from ore concentrations (tailings). The wastes, 
especially the tailings, are rich sources of arsenic (Greer 1993). In Nova Scotia, 
for example, about 3 million tons of tailings, containing 20,700 kg arsenic, were 
left from gold mining activities between 1860 and 1945. Tailings tend to diffuse 
into the surrounding environment over time, with subsequent spread of arsenic 
contamination (Wong et al. 1999). 

Discharges from gold mines into the Humholdt Sink, Nevada, sometimes 
exceed water quality regulations mandated for arsenic [U.S. Bureau of Land 
Management (USBLM) 2000]. In the Black Hills of South Dakota, a cluster of 
1 1 abandoned gold mines discharged up to 10,000 kg arsenopyrites daily into 
nearby creeks (Rahn et al. 1996). The present treatment of gold mine tailings to 
reduce arsenic availability to the environment involves peroxide addition to oxi- 
dize cyanide to cyanate, ferric sulfate and lime addition to precipitate arsenic 
as ferric arsenate (FeAs04), and polyacrylamide flocculent addition to enhance 
sedimentation (Bright et al. 1994, 1996). 

As discussed later, roasting of some types of gold-containing ores to remove 
sulfur has resulted in significant atmospheric emissions of arsenic trioxide 
(AS2O3) and sulfur oxides (Ripley et al. 1996). Arsenic was at one time extracted 
as a by-product in many gold mines and sold mainly for the manufacture of 
pesticides; however, this use is no longer profitable (Azcue et al. 1994). In 
Fairbanks, Alaska, some groundwaters are contaminated with arsenic from gold 
mining activities 30 yr earlier and considered unsafe for drinking; bacteria asso- 
ciated with arsenic in mine drainage may accelerate the rate at which arsenic 
leaches from the sediment into groundwater (Pain 1987). 

Refractory gold ores are those that are not free milling and require pretreat- 
ment before cyanide leaching (Adams et al. 1999). In most refractory ores, gold 
is locked in sulfides or is substituted in the sulfide mineral lattice. Commercial 
treatment of these ores involves roasting to destroy the sulfide minerals and 
liberate the gold, the calcine being treated by conventional cyanidation. In the 
treatment of ores containing arsenopyrite, environmental contamination may oc- 
cur from release of sulfur dioxide and arsenic trioxide: 

2FeAsS + 5O2 2SO2 + Fe203 -t AS2O3 

In Canada, roasting has been largely discontinued; however, at least three 
operating facilities in that country were still using this practice in 1992 (Ripley 
et al. 1996). In Ghana, arsenic trioxides and other arsenic oxides from roasting 
of gold ores that were lost to the atmosphere were subsequently deposited in 
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rainfall, causing extensive arsenic contamination of soil, vegetation, crops, hu- 
mans, rivers, and livestock (Golow et al. 1996). Despite the pollution aspects, 
roasting is still recommended as the most cost-effective method for the treat- 
ment of refractory gold ores (Adams et al. 1999). To reduce arsenic emissions, 
new processes have been developed for the treatment of refractory ores, includ- 
ing pressure oxidation, biooxidation, whole ore roasting, ultrafine grinding, ni- 
tric acid oxidation, and fine milling combined with low-pressure oxidation. In 
whole ore roasting, pressure oxidation, and biooxidation, arsenic is fixed as 
basic ferric arsenate instead of AS 2 O 3 (Adams et al. 1999). Other operations 
have extracted the arsenic through flotation, cycloning, alkaline chlorination, 
ferric ion precipitation, bioleaching and bacterial oxidation, and pressure oxida- 
tion using an autoclave (Ripley et al. 1996). 

Bacterial decomposition of arsenopyrite assists in opening the molecular min- 
eral structure, allowing access to the gold by cyanide. Arsenic can become a 
limiting factor in the bioleaching of arsenopyrite for the recovery of gold at 
high temperatures because of the formation of soluble As^^ and As^^ and their 
toxicity, especially that of As^^, to strains of bacteria that were not resistant to 
arsenic (Hallberg et al. 1996). Biooxidation of difficult to treat gold-bearing 
arsenopyrite ores is now done commercially in aerated, stirred tanks with rapidly 
growing, arsenic-resistant bacterial strains of Thiobacillus spp., Sulfolobus sp., 
and Leptospirullium sp. (Ngubane and Baecker 1990; Agate 1996; Rawlings 
1998). These obligate chemoautolithotrophic strains of bacteria obtain their en- 
ergy through the oxidation of ferrous to ferric iron or through the reduction of 
inorganic sulfur compounds to sulfate. 

Arsenic is often found as a mineral in combination with iron and sulfur. 
Oxidation of these insoluble forms results in the formation of arsenite (As^^). 
In environments such as acid mine drainage of abandoned gold mines, As^^ 
concentrations ranged from 2 to 13 mg/L (Santini et al. 2000). The As^^ can 
then be oxidized to arsenate (As^^). Both these soluble forms of arsenic are toxic 
to living organisms, especially inorganic arsenite. The chemical oxidation of 
arsenite to arsenate is slow compared to microbiological processes (Santini et 
al. 2000). Some species of bacteria protect against arsenic by reducing As^^ that 
has entered the cell to As^^ and then transporting As^^ out of the cell; however, 
arsenate reduction does not seem to support growth. 



III. Arsenic Risks to Human Health 

Beneficial uses of arsenic compounds in medicine have been known for at least 
2400 yr. Inorganic arsenicals have been used for centuries, and organoarsenicals 
for at least a century, in the treatment of syphilis, yaws, amoebic dysentery, 
asthma, tuberculosis, leprosy, dermatoses, and trypanosomiasis (Asperger and 
Ceina-Cizmek 1999; Eisler 2000). The advent of penicillin and other newer 
drugs nearly eliminated the use of organic arsenicals as human therapeutic 
agents, although arsenical drugs are still used in treating African sleeping sick- 
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ness and amoebic dysentery and in veterinary medicine to treat filariasis in dogs 
and blackhead in poultry (Eisler 2000). 

By contrast, arsenic contamination of the environment, even at low levels of 
exposure, has potential human health hazards, including skin cancer, stomach 
cancer, respiratory tract cancer, hearing and vision impairment, melanosis, leu- 
komelanosis, keratosis, hyperkeratosis, edema, gangrene, and extensive liver 
damage (Kahir and Bilgi 1993; Kusiak et al. 1993; Simonato et al. 1994; Huang 
and Dasgupta 1999; Matschullat et al. 2000). Arsenic-contaminated drinking 
water is a major health problem in Bangladesh and other parts of the Indian 
subcontinent as a result of arsenic-bearing sediments in contact with the aquifer. 
Ironically, the use of groundwater for drinking water was implemented to elimi- 
nate waterborne pathogens; this effort was initiated by international organiza- 
tions led by the United Nations (Huang and Dasgupta 1999; Eisler 2000). 

Canadian gold miners had an excess of mortality from carcinoma of the 
stomach and respiratory tract compared to other miners. The increased fre- 
quency of stomach cancer appeared 5-19 yr after they began gold mining in 
Ontario (Kusiak et al. 1993). A number of explanations are offered to account 
for the high death rate, including exposure to arsenic (Kusiak et al. 1993). Gold 
miners in Ontario with 5 yr or more gold mining experience before 1945 had a 
significantly increased risk of primary cancer of the trachea, bronchus, and lung 
(Kabir and Bilgi 1993). A minimum of 15 yr latency was recorded between first 
employment and diagnosis of lung cancer. Underground miners were exposed 
to air concentrations of 2.4-5. 6 pg As/m^ and had significantly elevated concen- 
trations of arsenic in urine. Eor purposes of work-relatedness, it was concluded 
that arsenic exposure was one of several causes of primary lung cancer in the 
Ontario gold miners (Kabir and Bilgi 1993). 

In France, a high incidence of neoplasms of the respiratory system among 
gold extraction and refinery workers was first reported in 1977 and again in 
1985, and this appears related to occupational exposure (Simonato et al. 1994). 
Mine and smelter workers at this site were twice as likely to die of lung cancer 
than the general population. The lung cancer excess was strongly associated 
with exposure to soluble and insoluble forms of arsenic (Simonato et al. 1994). 
In Zimbabwe, arsenic exposure was implicated in lung cancer increase of gold 
miners (Boffetta et al. 1994). 

Active gold mining in the state of Minas Gerais, Brazil, has been documented 
since the early 1700s (Matschullat et al. 2000). Three major gold deposits can 
be discerned within the volcanic sedimentary sequence of the Nova Lima group 
near the city of Belo Horizonte. In the 1990s, yearly gold production was around 
6 t extracted from about 1 million t of ore. Most of the ores contained arsenopy- 
rites with high potential for arsenic contamination. Although arsenic emissions 
from ore processing should be minimal because of modern control facilities, 
this was not the case here because of the overall poverty in the area. In addition, 
the local population used surface waters not only for fishing and gardening but 
frequently as their drinking water. Sources of arsenic to the biosphere included 
weathering of mine wastes via erosion, dissolution of arsenic-contaminated soils 
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and tailings into surface waters and sediments, and smelting activities that re- 
leased arsenic into the air through oxidation of arsenopyrites. In April 1998, 
126 school children aged on average 9.8 years (8.7-10.9) yr in this southeastern 
Brazilian mining district had low urinary levels of cadmium (mean, 0.13; range, 
0.04-0.35 (tg/L), partly elevated concentrations of mercury (mean, 1.1; range, 
0.1-16.5 (tg/L), and generally elevated to high concentrations of arsenic (mean, 
25.7; range, 2.2-106.0 (tg/L). Of the total population, 20% showed elevated 
arsenic concentrations associated with future adverse health effects. Arsenic 
concentrations were high in local surface waters, soils, sediments, and mine 
tailings (Table 1), with arsenic-contaminated drinking water as the probable 
causative factor of elevated arsenic in urine (Matschullat et al. 2000). 

Residents of La Oraya, Peru, experienced respiratory problems caused by 
arsenic and sulfur dioxide emissions released from an area smelter that pro- 
cessed gold and other ores; a soil sample collected 4 km downwind of the 
smelter contained 12,600 mg/kg surface arsenic as well as 22,000 mg/kg lead 
and 305 mg/kg cadmium (Da Rosa and Lyon 1997). 

IV. Arsenic Concentrations in Abiotic Materials 
and Biota near Gold Extraction Facilities 

Arsenic is a relatively common element that occurs in air, water, soil, and all 
living tissues (Eisler 2000). It ranks 20th in abundance in the Earth’s crust, 14th 
in seawater, and 12th in the human body. Arsenic is a teratogen and carcinogen 
that can traverse placental barriers and produce fetal death and malformations 
in many species of mammals. Arsenic is carcinogenic in humans, but evidence 
for arsenic-induced carcinogenicity in other mammals is scarce. Arsenic concen- 
trations are usually low [<1.0 mg/kg fresh weight (FW)] in most living organ- 
isms, but they are frequently elevated in marine biota, in which arsenic occurs 
as arsenobetaine and poses little risk to organisms or their consumers, and in 
plants and animals from areas that are naturally arseniferous or near anthropo- 
genic sources (Eisler 2000). 

Arsenic concentrations in samples collected near gold mining and processing 
facilities worldwide were elevated in sediments, sediment pore waters, water 
column, mine tailings, mine tailing drainage waters, soils, terrestrial plants (in- 
cluding edible plants used in human diets), aquatic plants, aquatic bivalve mol- 
luscs, terrestrial and aquatic insects, fishes, bird tissues, and human urine (see 
Table 1). Inorganic arsenicals are considered more toxic than organic arsenicals 
and trivalent arsenite (As^^) compounds are more toxic than pentavalent arsenate 
(As^^) compounds. Total arsenic, As^^, and As^^ can now be measured under 
field conditions at a detection limit of 1 [tg/L with a portable stripping voltam- 
metric instrument using a gold film electrode (Huang and Dasgupta 1999). 

Gold mining has been a major activity in Canada for more than a century 
(Azcue et al. 1994). Since 1921, Canada has ranked among the top three gold- 
producing nations. Abandoned gold mine tailings and waste rock contain large 
quantities of arsenic with high potential for adverse environmental effects. In 
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Table 1. Arsenic concentrations in biota and abiotic materials collected near gold mining and 
processing facilities. 



Location, sample, and 
other variables 



South America 

Brazil: April 1998; southeastern gold 
mining districts 

Schoolchildren, age 8-11 yr; urine 

Surface waters 

Soils 

Sediments 

Tailings 

Columbia, stream sediments 

Ecuador: 1988; dry season, downstream of 
cyanide-gold mining area 

Water: measured vs. recommended 

Sediments: measured vs. 
recommended 

Peru: surface soils 4 km downwind of gold 
smelter 

North America 

British Columbia, Canada: site of under- 
ground gold mine; 1933-1964 (northeast 
shore of Jack of Clubs Lake) 

Tailings 
Lake sediments 
Lake water 

Nova Scotia, Canada: stream waters at 
Goldenville mine; upstream vs. at mine 
discharge 

Yellowknife, NWT, Canada: 1990-1991; 
subarctic lakes; watershed contaminated 
with arsenic from effluent of two gold 
mines over several decades 

Surface sediments (gold content 
maximum 6.75 mg/kg DW) 
Sediment pore waters 
Overlying water column 

United States 

Whitewood Creek, South Dakota 
(recipient of gold mine tailings 
1876-1977) vs. reference site; 1987 
Sediments 

Aquatic insects, 4 species 



Concentration 
(mg total arsenic/ 

kg DW or FW)“ Reference’’ 



0.026 (0.002-0.106) FW 1 

0.031 (0.004-0.35) FW 1 

200-800 DW 1 

350 (22-3,200) DW 1 

10,500 (300-21,000) DW 1 

Max. 6,300 DW 2 

0.002-0.264 FW vs. <0.19 2 

FW 

403-7,700 DW vs. <17 3 

DW 

12,600 DW 4 



>2,000 DW 5 

Max. 1,104 DW 5 

Max. 0.56 FW 5 

0.03-0.05 FW vs. 0.23- 6 

0.25 FW 



2,186 (22-3,090) DW 7,8 

Max. 5.2 FW 8 

Max. 0.53-0.55 FW 7,8 



764 DW vs. 18 DW 9 

73, 77, 278, and 625 DW 9 

vs. 1-16 DW 
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Table 1. (Continued). 



Location, sample, and 
other variables 


Concentration 
(mg total arsenic/ 
kg DW or FW)^ 


Reference*’ 


Whitewood Creek (arsenic impacted 
from gold tailings containing an 
estimated 270,000 t arsenic between 
1920 and 1977) vs. reference site in 
Casper, Wyoming 
Sediments, 1989 


1,920 DW vs. 9 DW 


10 


House wren. 

Troglodytes aedorv, 1997 
Eggs 


<0.5 DW vs. <0.5 DW 


10 


Chicks 

Livers 


2.9 (1. 8-5.6) DW vs <0.5 


10 


Diet (benthic insects) 


DW 

103.0 DW vs. <0.5 DW 


10 



Africa 

Ghana 



Near gold ore processing facility vs. 
reference sites; topsoil 



Total arsenic 


50 DW vs. 3-10 DW 


11 


As^* 


35 DW vs. no data 


11 


As** 


15 DW vs. 1-2 DW 


11 



Near gold ore-roasting facility (17 t 
arsenic discharged to atmosphere/d) 
vs. reference site 

Cooked foods, edible portions 



Cassava, Manihot esculenta 


2.7 DW vs. 1.9 DW 


12 


Plantain, Musa paradisiaca 


3.4 DW vs. 3.0 DW 


12 


Other cooked foods 


2.4 DW vs. 1.4 DW 


12 


Oil palm fruit, Elaeis guineensis 


Max. 5.9 DW vs. Max. 3.7 
DW 


12 


Stargrass, Eleusine indica 


11.3 DW vs. 6.7 DW 


12 


Water 


5.2 (2.8-10.4) DW vs. no 
data (USEPA drinking 
water criterion, <0.01 
EW) 


12 


Active gold mining town and 
environs; 14 sites; 1992-1993 


Soil 


12.9 (2.1-48.9) DW 


13 


Plantain, edible portions 


Max. 4.3 DW 


13 


Water fern, Ceratopterus 


9.1 (0.5-78.7) DW 


13 


comuta\ whole 


Elephant grass, Pennisetum 


Max. 27.4 DW 


13 


purpureum; whole 


Cassava, edible portions 


Max. 2.6 DW 


13 


Mudfish, Heterobranchus 


Max. 2.7 DW 


13 


bidorsalis; whole 
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Table 1. (Continued). 



Location, sample, and 
other variables 


Concentration 
(mg total arsenic/ 
kg DW or FW)" 


Reference’’ 


Tanzania; Serengeti National Park; drainage 
water from Lake Victoria goldfield 
tailings 

Europe 

Poland and Czech Republic; 5 species of 
aquatic bryophytes collected spring- 
summer 


324 FW 


14 


Ten sites draining an area with high 
arsenic mineralization 


3.4 DW 


15 


Two sites as above in areas of former 
gold mining activities 


19.4 DW 


15 


Twenty-two reference sites 

Malaysia 

Tributary that received gold mine effluents 
for at least 10 yr 


0.8 DW 


15 


Sediments 


147 DW 


16 


Bivalve molluscs; 3 species; 
soft parts; from sediments 
containing 6.3 mg As/kg DW 
(plus, in mg/kg DW, 3.4 Cu, 0.02 
Hg, 0.7 Pb, and 27 Zn); no bivalves 
found in more heavily contaminated 
sediments 


Max. 225 DW (plus 115 mg 
Cu/kg DW, 127 mg Zn/ 
kg DW, and negligible 
concentrations of Cd, 
Pb, and Fig) 


16 



'Ranges in parentheses. 

'’References: 1, Matschullat et al. 2000; 2, Grosser et al. 1994; 3, Tarras-Wahlberg et al. 2000; 4, Da 
Rosa and Lyon 1997; 5, Azcue et al. 1994; 6, Wong et al. 1999; 7, Bright et al. 1994; 8, Bright et al. 
1996; 9, Cain et al. 1992; 10, Custer et al. 2002; 11, Golow et al. 1996; 12, Amonoo-Neizer and Amekor 
1993; 13, Amonoo-Neizer et al. 1996; 14, Bowell et al. 1995; 15, Samecka-Cymerman and Kempers 
1998; 16, Lau et al. 1998. 



one case, gold was extracted by underground mining between 1933 and 1964 
near a lake located in northeastern British Columbia, leaving tailings and waste 
rock 4.5 m thick over 25 ha of land adjacent to the lake. The tailings contained 
>2000 mg As/kg, the lake sediments up to 1104 mg As/kg, and lake water up 
to 556 l-tg/L. The greatest proportion of arsenic in the sediment cores is associ- 
ated with iron oxides and sulfides. Under aerobic conditions, the high concentra- 
tions of iron in the tailings were effective at limiting arsenic migration (Azcue 
et al. 1994). 

Abnormally high concentrations of arsenic in sediment [maximum, 3090 mg 
As/kg dry weight (DW)] and water samples were documented in 1990-1991 
from a watershed receiving gold mine effluent near Yellowknife, Northwest 
Territories, Canada (Bright et al. 1994, 1996). Inorganic arsenic concentrations 
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were maximal in the water column, sediment particulates, and sediment pore 
water about 4-6 km downstream of the gold mine input. Arsenite (As^^) was 
the predominant arsenical in sediment pore water, and arsenate (As^^) was the 
primary dissolved arsenic species in water column samples. Water samples also 
contained a variety of methylated arsenicals; methylation of As^^ and As^^ com- 
pounds through biological and other processes reduces their toxicity. Particulate 
concentrations of arsenic constituted up to 70% of the total arsenic in the water 
column downstream of the gold mine discharge. The high concentrations of 
arsenicals in sediment pore water (maximum, 5.16 mg/L) and the overlying 
water (maximum, 547 ftg/L) in dissolved form in areas distant from the input are 
attributable to remobilization from sediments through redox-related dissolution 
(Bright et al. 1994, 1996). 

Soil contamination by gold mining operations tends to be localized and, be- 
cause of the phytotoxic effects of arsenic, not easily overlooked (O’Neill 1990). 
At Yellowknife, Canada, high concentrations of arsenic were measured in soils 
near a gold smelter: >21,000 mg/kg DW soil at 0.28 km from the smelter, and 
600 mg As/kg DW at a site 1 km distant. The tailings deposit also caused 
contamination of surrounding soils. Vegetation that grew in these contaminated 
areas usually contained low concentrations of arsenic, except when soil levels 
were >1000 mg As/kg, which either produced phytotoxic effects in sensitive 
species or growth in a few tolerant genotypes. 

Maximum acceptable concentrations of arsenic in soils used for food produc- 
tion or parks range between 10 and 40 mg As/kg DW in Europe and the United 
Kingdom (O’Neill 1990). Galbraith et al. (1995) aver that soil arsenic concentra- 
tions in excess of 20-50 mg/kg are injurious to plant growth and development 
and that sensitive species may be affected by concentrations as low as 5 mg/kg; 
greater levels of these concentrations can lead to toxic responses that include 
root plasmolysis, necrosis of leaf tips, and seed germination failure. In arsenic- 
enriched areas, evergreen forests were replaced with bare ground devoid of veg- 
etation, grasslands were dominated by weeds, and there was overall species 
impoverishment, including wildlife species (Galbraith et al. 1995). Phytoremedi- 
ation of gold mining sites contaminated by arsenic using arsenic-tolerant plants, 
such as Equisetum spp., is recommended (Wong et al. 1999). 

Arsenic contamination in Whitewood Creek, South Dakota, from a gold mine 
was assessed in aquatic insects and bed sediments over a 40-km reach (Cain et 
al. 1992). From 1876 to 1977, about 100 million t of finely ground gold mine 
tailings was discharged via a small tributary into Whitewood Creek; the main 
contaminant was arsenic derived from arsenopyrites (May et al. 2001). Trans- 
port and deposition of the discharged tailings caused extensive downstream arse- 
nic contamination of sediments and biota (Cain et al. 1992). In spring 1987, the 
maximum arsenic concentration in sediments was 764 mg/kg DW, versus 18 for 
a reference site. For four species of aquatic insects, the maximum value was 625 
mg As/kg DW, versus 16 for a reference site, with most arsenic concentrated in 
the exoskeleton (Cain et al. 1992). Insectivorous birds (house wren. Troglodytes 
aedon) feeding on these same species of aquatic insects near Whitewood Creek 
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in 1997 had elevated arsenic concentrations in liver (maximum, 5.6 mg As/kg 
DW) compared to a reference site in Wyoming (<0.5 mg As/kg DW) (Custer et 
al. 2002). 

In Ghana, where gold accounts for the largest proportion of foreign exchange, 
large quantities (17 t daily) of arsenic are discharged into the atmosphere from 
a single roasting/smelting facility (Amonoo-Neizer and Amekor 1993). Total 
arsenic, pentavalent arsenate (As^^), and trivalent arsenite (As^^), were usually 
highest in soils near the gold ore processing facility (Table 1), with background 
levels reaching 7-15 km from the site, depending on wind direction and velocity 
(Golow et al. 1996). Freshwaters in the vicinity of the smelter had grossly ele- 
vated concentrations of arsenic (mean, 5.2 mg As/L; range, 2.8-10.4 mg/L; 
see Table 1), and were considered unfit for aquatic life, irrigation, or human 
consumption. 

In Malaysia, edible clams and mussels from a tributary receiving gold mine 
wastes contained up to 225 mg As/kg DW soft parts, a level that exceeded 
mandatory levels for arsenic set by the Malaysian Food Act of 1983 (Lau et al. 
1998). Because arsenic enhances the toxicity of free cyanide to aquatic fauna 
(Leduc 1984), this knowledge needs to be incorporated into future arsenic risk 
assessments. 



V. Arsenic Effects on Sensitive Species 

Adverse effects of various arsenicals on sensitive species of organisms have 
been documented (Table 2) (Eisler 2000). The most sensitive of the aquatic 
organisms tested showing adverse effects were three species of marine algae, 
with reduced growth evident in the range of 19-22 pg As^VL; developing em- 
bryos of the narrow-mouthed toad (Gastrophryne carolinensis), of which 50% 
were dead or malformed in 7 d at 40 pg As^^/L; and a freshwater alga (Scenedes- 
mus obliquis), in which growth was inhibited 50% in 14 d at 48 pg As^VL. 
Adverse biological effects have also been documented at 75-100 pg As/L: 
growth reduction in freshwater and marine algae at 75 pg As^VL; 10%-32% 
mortality in 28 d of a freshwater amphipod {Gammarus pseudolimnaeus) at 
85-88 pg/L As^^ or various methylated arsenicals; inhibition of sexual reproduc- 
tion of marine algae at 95 pg As^^/L; and death of marine copepods and im- 
paired swimming ability of goldfish at 100 pg As^VL (Table 2) (Eisler 2000). 

Juvenile tanner crabs {Chionoecetes bairdi) held for 502 d on weathered 
gold mine tailings with elevated arsenic concentrations (29.7 mg As/kg DW) or 
reference sediments (2.5 mg As/kg DW) showed the same concentrations of 
arsenic in gill (8.9 vs. 9.8 mg As/kg DW) and muscle (8.9 vs. 8.1 mg As/kg 
DW) tissues (Stone and Johnson 1997). Female tanner crabs may initially avoid 
areas affected by submarine tailings but later recolonize the altered sea floor and 
incorporate lead, but not arsenic, into their tissues (Stone and Johnson 1998). In 
a 90-d study of ovigerous tanner crabs in forced contact with fresh gold mine 
tailings, survival and reproduction were normal, although egg survival was 
lower than in those held on control sediments, which was attributed to the action 




Arsenic Hazards 



143 



Table 2. Lethal and sublethal effects of various arsenicals on selected species of plants, 
animals, and humans. 



Taxonomic group, species. 



arsenic compound, and dose 


Effect 


ReD 


Freshwater Plants 

Algae; 4 species; As^'*' (inorganic trivalent 


95%-100% fatal in 2-4 wk 


L 2 


arsenite); 1.7-2. 3 mg/L 
Algae; As^’*' (inorganic pentavalent 


50% growth inhibition in 14 d 


2 


arsenate); 2 species; 0.048-0.26 mg/L 
Freshwater Invertebrates 

Cladocerans 

Bosmina longirostris\ 


50% immobilization in 96 hr 


3 


As5+; 0.85 mg/L 
Daphnia magna 
As5+; 0.52 mg/L 


16% reproductive impairment in 


2 


As3+; 0.63-1.32 mg/L 


3 wk 
MATC'’ 


2 


As^’^; 7.4 mg/L 


50% dead in 96 hr 


1 


Daphnia pulex 
As^^; 1.3 mg/L 


50% dead in 96 hr 


L 2 


As^’^; 3.0 mg/L 


50% immobilized in 48 hr 


4 


As^^; 49.6 mg/L 


50% immobilized in 48 hr 


3 


Simocephalus serrulatus; 


50% dead in 96 hr 


2 


As3+; 0.81 mg/L 

Amphipod, Gammarus pseudolimnaeus 
DSMA, disodium methylarsenate 


10% dead in 28 d 


5 


[CH 3 AsO(ONa) 2 ]; 0.086 mg/L 
As3+; 0.088 mg/L 


20% dead in 28 d 


5 


SDMA, sodium dimethylarsenate 


No deaths in 28 d 


5 


[(CH3)2As(ONa)]; 0.85 mg/L 
As^'*'; 0.96 mg/L 


All dead in 28 d 


5 


As^^; 0.97 mg/L 


20% dead in 28 d 


5 


DSMA; 0.97 mg/L 


40% dead in 28 d 


5 


Snail, Helisoma campanulata 
SDMA; 0.085 mg/L 


No deaths in 28 d 


5 


As^^; 0.96 mg/L 


10% dead in 28 d 


5 


As^+; 0.97 mg/L 


No deaths in 28 d; maximum bio- 


5 


DSMA; 0.97 mg/L 


concentration factor = 99 
No deaths in 28 d 


5 


Red crayfish, Procambarus clarki 

MSMA, monosodium methanearsonate 


No effect on growth or survival dur- 


6 


[CH 4 AsNa 03 ]; 100 mg/L, equiva- 


ing exposure for 24 wk, but 




lent to 46.3 mg As/L 


hatching success reduced to 17% 




MSMA; 1,000 mg/L 


vs. 78% for controls 
50% dead in 96 hr 


6 
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Table 2. (Continued). 



Taxonomic group, species, 



arsenic compound, and dose 


Effect 


ReD 


Stoneflies 


Pteronarcys californica\ As^'*'; 


50% dead in 96 hr 


4 


38.0 mg/L 
Pteronarcys dorsata 


DSMA, SDMA, or As3+; 


No deaths in 28 d 


5 


0.85-0.97 mg/L 


As^'*'; 0.97 mg/L 


20% dead in 28 d 


5 


Freshwater Fishes 


Goldfish, Carassius auratus; 
As^'*'; 0.1 mg/L 


15% behavioral impairment in 24 
hr; 30% impairment in 48 hr 


7 


Flagfish, Jordanella floridae 


As^+; 2. 1-4.1 mg/L 


MATC*’ 


2 


As^'*'; 14.4 mg/L 


50% dead in 96 hr 


8 


Fathead minnow, Pimephales promelas 


As5+; 0.53-1.50 mg/L 


MATC*’ 


2 


As^+; 2. 1-4.8 mg/L 


MATC*’ 


8 


As3+; 14.1 mg/L 


50% dead in 96 hr 


8 


As 5+; 25.6 mg/L 


50% dead in 96 hr 


2 


Rainbow trout, Oncorhynchus mykiss 


As^+; 0.54 mg/L 


Embryos: 50% dead in 28 d 


1 


DSMA or SDMA; 0.85-0.97 mg/L 


No deaths in 28 d 


5 


As^'*'; 0.96 mg/L 


50% dead in 28 d 


4, 9 


As3+; 23.0-26.6 mg/L 


Adults: 50% dead in 28 d 


5 


Sodium cacodylate (SC); 1,000 mg/L 


No deaths in 28 d 


11 


As^+; 10-90 mg/kg diet for 16 wk 


No effect level at ~ 10 mg/kg diet; 
some adaptation to 90 mg/kg 
diet as initial negative growth 
gave way to slow positive 
growth over time 


10 


DSA, disodium arsenate 


MATC*’ 


5 


heptahydrate; 13-33 mg As 
as DSA/kg ration for 12-24 wk 
(0.28-0.52 mg As/kg BW/d 


As^+ or As^+; 120-1,600 mg/kg diet 
for 8 wk 


Growth depression, food avoid- 
ance, and impaired feed effi- 
ciency at all levels 


10 


DMA, dimethyl arsinic acid, or ABA, 
p-amino-benzene-arsonic acid; 120- 


No toxic response at any level 
tested 


10 


1 ,600 mg/kg diet for 8 wk 

Amphibians 


Marbled salamander, Ambystoma 
opacunr, As^’*'; 4.5 mg/L 


Developing embryos: 50% dead or 
malformed in 8 d 


2 


Narrow-mouthed toad, Gastrophryne 
carolenisis\ As^'*'; 0.04 mg/L 


Developing embryos: 50% dead or 
malformed in 7 d 


2 


Marine Plants 


Algae, 3 species; As^'*'; 0.019-0.022 mg/L 


Reduced growth 


2 
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Table 2. (Continued). 



Taxonomic group, species, 



arsenic compound, and dose 


Effect 


ReP 


Red alga, Champia parvula 
As^’*'; 0.065 mg/L 


Normal sexual reproduction 


12 


As^’*'; 0.095 mg/L 


No sexual reproduction 


12 


As^’*'; 0.300 mg/L 


Death 


12 


As^^; 10.0 mg/L 


Normal growth but no sexual re- 


12 


Phytoplankton; As^'*'; 0.075 mg/L 


production 

Reduced biomass of populations in 


2 


Alga, Skeletonema costatunr, As^^; 


4 d 

Growth inhibition 


2 


0.13 mg/L 

Marine Invertebrates 

Copepod, Acartia clausv. 


50% dead in 96 hr 


2 


As3+; 0.51 mg/L 
Copepod, Eurytermora affinis 
As^+; 0.1 mg/L 


Reduced juvenile survival 


13 


As^+; 1.0 mg/L 


Reduced adult survival 


13 


Dungeness crab. Cancer nuigisler; 


Zoeae: 50% dead in 96 hr 


2 


As^+; 0.23 mg/L 

Pacific oyster, Crassostrea gigas\ 


Embryos: 50% dead in 96 hr 


2 


As^+; 0.33 mg/L 
Mysid, Mysidopsis bahia 
As3+; 0.63-1.27 mg/L 


MATC” 


2 


As^^; 2.3 mg/L 


50% dead in 96 hr 


2 


Marine Fishes 

Three species; As^'*'; 12.7-16.0 mg/L 


50% dead in 96 hr 


2 


Pink salmon, Oncorhynchus gorbuscha 
As^’*'; 2.5 mg/L 


No deaths in 10 d 


9 


As^’*'; 3.8 mg/L 


54% dead in 10 d 


2 


As^'*'; 7.2 mg/L 


All dead in 7 d 


2 


Terrestrial Plants 

Crops 

Total water-soluble 


Depressed crop yield 


7 


arsenic; 3-28 mg/kg soil 
Total arsenic; 25-85 


Depressed crop yield 


7 


mg/kg soil 

Common bermudagrass, Cynodon dactylon; 


Arsenic residues were up to 17 mg/ 


14 


As^'*'; arsenic-amended soils containing 
up to 90 mg As/kg soil 
Soybean, Glycine max\ total arsenic; 


kg DW in stems, 20 in leaves, 
and 304 in roots 
Toxic signs 


7 


>1 mg/kg DW plant 

Rice, Oryza sativa\ DSMA; 50 mg/kg soil 


75% decrease in yield 


7 



Scots pine, Pinus sylvestris 

As^’*'; >62 mg/kg shoots DW Toxic 



15 
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Table 2. (Continued). 
Taxonomic group, species, 



arsenic compound, and dose 


Effect 


ReF 


As^'*'; >250 mg/kg soil DW 


Seedlings die 


15 


As^'*'; >3,300 mg/kg shoots DW 


Fatal 


15 


Pea, Pisum sativum', As^^; 15 mg/L 


Inhibition of light activation and 
photosynthetic CO 2 fixation in 
chloroplasts 


19 


Grasslands; CA, cacodylic acid [(CH 3)2 
AsO(OH)]; 17kg/ha 


75%-90% of all species killed; re- 
covery modest 


11 


Sandhill plant communities 


CA; 2.25 kg/ha 


No lasting effect 


11 


CA; 6.8 kg/ha 


Some species defoliated 


11 


CA; 34.0 kg/ha 


75% defoliation of oaks and death 
of all pine trees 


11 


Terrestrial Invertebrates 


Beetles; CA; dietary levels 100-1,000 


Fatal to certain pestiferous species 


16 


mg/kg 

Western spruce hudworm, Christoneura 
occidentalis', sixth-instar larvae 


As^^; 99.5 mg/kg ration fresh weight (FW) 


Fatal to 10% 


17 


As^'*'; 2,250 mg/kg ration FW 


Fatal to 50% 


17 


As^'*'; 65,300 mg/kg ration FW 


Fatal to 90% 


17 


As^'*'; 100-65,300 mg/kg ration FW 


Newly molted pupae and adults of 


17 



As-exposed larvae had reduced 
weight; regardless of dietary levels, 
concentrations of As ranged up to 
2,640 mg/kg DW in dead pupae 
and 1,708 mg/kg DW in adults 

Earthworm, Lumbricus terrestris 



As^+; 40 mg/kg dry weight (DW) soil; 


No accumulations in first 12 d, bio- 


18 


exposure for 23 d 


concentration factor (BCF) = 3 




As^'*'; 100 mg/kg DW soil 


by d 23 

Fatal to 50% in 8 d 


18 


As^'*'; 400 mg/kg DW soil 


Fatal to 50% in 2 d 


18 


Birds 

Mallard, Anas platyrhynchos 

Adult breeding pairs; As^’*'; fed diets 


Dose-dependent increase in liver arse- 


20 


with 0, 25, 100, or 400 mg/kg ration 


nic from 0.23 mg As/kg DW in con- 




up to 173 d; ducklings produced 


trols to 6.6 in the 4(X) mg/kg group 




were fed the same diet as their 


and in eggs from 0.23 in controls to 




parents for 14 d 


3.6 mg/kg DW in the 400 mg/kg 





group. Dose-dependent adverse ef- 
fects on growth, onset of egg lay- 
ing, and eggshell thinning. In duck- 
lings, arsenic accumulated in the 
liver from 0.2 mg As/kg DW in con- 
trols to 33.0 in the 400 mg/kg 
group and caused a dose-dependent 
decrease in growth rate of whole 
body and liver. 




Arsenic Hazards 



147 



Table 2. (Continued). 



Taxonomic group, species, 



arsenic compound, and dose 


Effect 


ReU 


Ducklings; As^'*'; fed 30, 100, or 300 
mg/kg diet for 10 wk 


All treatments produced elevated 
hepatic glutathione and ATP con- 
centrations and decreased overall 
weight gain and rate of growth 
in females. Arsenic concentra- 
tions were elevated in brain and 
liver of ducklings fed 100 or 300 
mg/kg diet; all ducklings had al- 
tered behavior, e.g., increased 
resting time; males had reduced 
growth. 


21 


Day-old ducklings; As^'*'; 

fed diets containing 200 mg/kg 
ration for 4 wk 


When protein was adequate (22%), 
some growth reduction resulted, 
with only 7% protein in diet, 
growth and survival were re- 
duced and frequency of liver his- 
topathology increased 


22 


Adult males; As^’*'; fed rations 
containing 300 mg/kg 


Equilibrium reached in 10-30 d; 
50% loss from liver in 1-3 days 
on transfer to an uncontaminated 
diet 


23 


As^’*'; 323 mg As^+Zkg body weight 
(BW) 


Acute oral LD 50 


7, 9, 
24 


As^'*'; 500 mg/kg diet 


Fatal to 50% in 32 d 


2 


As^'*'; 1,000 mg/kg diet 


Fatal to 50% in 6 d 


2 


CA; 1,740-5,000 mg/kg diet 


Fatal to 50% in 5 d 


11 


California quail, Callipepla californica; 


Acute oral LD 50 


24 


As3+; 47.6 mg/kg BW 
Common bobwhite, Colinus virginianus 


SC; 1,740 mg/kg diet for 5 d 


No effects on behavior; no signs of 
intoxication; negative necropsy 


11 


MSMA; 3,300 mg/kg BW 


Acute oral LD 50 


11 


Chicken, Gallus gallus 


As^’*'; 0.01-1.0 mg/embryo 


Up to 34% dead; malformation 
threshold at 0.03-0.3 mg/embryo 


7 


As^^; 0 . 01 - 1.0 mg/embryo 


Up to 8 % dead 


7 


As^+; 0.3-3. 0 mg/embryo 


Malformation threshold 


7 


DSMA; 1-2 mg/egg 


Teratogenic when injected 


7, 11 


SC; 1-2 mg/egg 


Developmental abnormalities when 
injected 


11 


DC, dodecylamine p-chloro- 

phenylarsonate; 23.3 mg/kg diet for 


Liver residues were 2.9 mg/kg FW 
at end; no ill effects noted 


25 



9 wk 

CA; 100 mg/kg BW No adverse effects at daily oral dos- 

ing for 10 days 



11 




148 



R. Eisler 



Table 2. (Continued). 



Taxonomic group, species, 



arsenic compound, and dose 


Effect 


ReH 


Ring-necked pheasant, 

Phasianus colchicus; As^’*'; 
363 mg/kg BW 
Mammals 
Cattle, Bos spp. 


Acute oral LD 50 


24 


As^^; fed 33 mg daily per animal 
for 33 mon 


Elevated levels of arsenic in mus- 
cle (0.02 mg/kg FW vs. 0.005 in 
controls) and liver (0.03 vs. 
0 . 012 ) but normal levels in milk 
and kidney 


26 


As^^; fed 33 mg daily per animal 
for 15-28 mon 


Elevated arsenic levels, in mg/kg 
FW, of 0.002 for milk (vs. 0.001 
for controls), 0.03 for muscle (vs. 
0.005), 0.1 for liver (vs. 0.012), 
and 0.16 for kidney (vs. 0.053) 


26 


As^^; single oral dose 15-45 g/animal, 
as arsenic trioxide 


Fatal 


7 


As^^; single oral dose 1-4 g/animal, 
as sodium arsenite 


Fatal 


7 


MSMA; 10 mg/kg BW daily 
for 10 d 


Fatal 


7 


As^+; 33-55 mg/kg BW, or 13.2-22 g 
for a 400-kg animal; topical 
application 


Arsenic-poisoned cows contained 
up to 15 mg As/kg FW liver, 23 
in kidney, and 45 in urine (vs. 
<1 for all normal tissues) 


27 


CA or MAA (methanearsonic acid); 
calves fed diets containing 
4,000-4,700mg/kg ration 


Anoretic in 3-6 d 


11 


CA: adults given oral dose of 10 
mg/kg BW daily for 3 wk, followed 
by 20 mg/kg BW daily for 5-6 wk 


Lethal 


11 


CA; adults given oral dose of 25 
mg/kg BW daily for 10 d 
Dog, Canis familiaris 


Adverse effects 


11 


CA or MMA; 30 mg/kg diet 
for 90 d 


No adverse effects 


11 


CA; 1,000 mg/kg BW 


Oral LD 50 


11 


As^+; 50-150 mg 


Fatal 


7 


Guinea pig, Cavia sp.; As^'*' as arsenic 
trioxide; fed diet containing 50 mg/kg 
for 21 d 

Hamster, Cricetus sp. 


Elevated arsenic residues (mg/kg 
FW), 4 in blood and 15 in heart 
vs. <1 for controls 


25 


As^^; maternal dose 5 mg/kg BW 


Some fetal deaths, but no malforma- 
tions 


7 
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Table 2. (Continued). 



Taxonomic group, species, 



arsenic compound, and dose 


Effect 


ReH 


As^^; maternal dose 
20 mg/kg BW 


54% fetal deaths and malforma- 
tions 


7 


As^^, as sodium arsenate; dosed 
intravenously on day 8 of gestation 


2 mg/kg BW 


No measurable effect 


28 


8 mg/kg BW 


Increased incidence of malforma- 
tion and resorption 


28 


16 mg/kg BW 


All embryos died 


28 


SC; single intraperitoneal injection 
900-1,000 mg/kg BW during 
midgestation 


Some maternal deaths and in- 
creased incidences of fetal mal- 
formations 


11 


Horse, Equus caballus\ As^’*'; 2-6 mg/kg 


Fatal in 14 wk 


7 


BW daily (1-3 g sodium arsenite) 


Cat, Felis domesticus; As^'*' or As^^; 1.5 


Chronic oral toxicity 


28 


mg/kg BW daily 
Mammals, representative species 


Calcium arsenate; 


Single oral LD 50 range 


7 


35-1,000 mg/kg BW 


Lead arsenate; 10-50 mg/kg BW 


Single oral LD 50 range 


7 


As^’*', as arsenic 


Lethal 


9 


trioxide; 3-250 mg/kg BW 


As^^, as sodium arsenite; 


Lethal 


9 


1-25 mg/kg BW 
Mouse, Mus spp. 


As^^; maternal dose 10 mg/kg BW 


Some fetal deaths and malforma- 
tions 


7 


As^^; 20-50 mg/kg BW; pregnant 
mice, d 18 of gestation 


No deaths or abortions at lower 
dose when administered intraperi- 
toneally, or higher dose when 
given orally; residue half-life 
was 10 hr regardless of route 


32 


As^’*', as arsenic trioxide 


10.4 mg/kg BW 


No deaths in 96 hr after single oral 
dose 


9 


39.4 mg/kg BW 


Oral LD 50 in 96 hr 


9 


0.26 mg/m^ air for 4 hr daily on 


3.1% decrease in fetal weight 


29 


days 9-12 of gestation 


2.9 mg/m^ air for 4 hr daily on 


9.9% decrease in fetal weight 


29 


days 9-12 of gestation 


28.5 mg/m^ air for 4 hr daily on 
days 9-12 of gestation 


Fetotoxic effects (reduced survival, 
impaired growth, retarded limb 
ossification, bone abnormalities) 
and chromosomal damage to 
liver cells by day 18 


29 
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Table 2. (Continued). 



Taxonomic group, species, 



arsenic compound, and dose 


Effect 


ReD 


As^'*', as sodium arsenate; 0.5 mg/L 
drinking water or up to 26 mon, 
equivalent to 0.07-0.08 mg/kg BW 
daily 


No tumors in controls vs. 41.1% of 
mice in treated groups with one 
or more tumors, mostly of the 
lung, liver, and GI tract 


33 


As^'*', as sodium arsenite; 5 mg/kg diet 
for three generations 


Reduced litter size, but outwardly 
normal 


28 


As^'*', as sodium arsenite; 9.6-11.3 
mg/kg BW via subcutaneous 
injection 


Lower dose is LD 50 ; higher dose is 
LD 90 7 d postexposure 


34 


As^'*', as sodium arsenite; 10-12 
mg/kg BW via intraperitoneal route 

Single oral dose 


Lower dose causes damage to bone 
marrow and sperm; higher dose 
is LD 5 Q 


35 


Arsenous oxide; 34 mg As/kg 
BW 


LD 50 


31 


Tetramethylarsonium iodide; 
890 mg As/kg BW 


LD 50 


31 


Arsenocholine; 6,500 mg 
As/kg BW 


LD 50 


31 


Arsenobetaine; >100,000 mg 
As/kg BW 


LD 50 


31 


DMA: 200-600 mg/kg BW 
daily for 10 d 


Fetal and maternal toxicity 


30 


CA; oral dosages 400-600 mg/kg 
BW on days 7-16 of gestation 


Fetal malformations (cleft palate), 
delayed skeletal ossification, and 
fetal weight reduction 


11 


SC; 1,200 mg/kg BW during 
midgestation via intraperitoneal 
injection 


Increased rates of fetal skeletal mal- 
formations 


11 


Rabbit, Oryctolagus sp.; MMA; 50 mg/kg 
ration for 7-12 wk 
Domestic sheep, Ovis aries 


Hepatotoxicity 


30 


As^'*', as sodium arsenite; 

single oral dose 5-12 mg/kg BW 
(0.2-0.5 g) 


Acutely toxic 


7 


As^'*', as soluble arsenic; lambs fed diets 
containing 2 mg As/kg supplemental 
arsenic for 3 mon 


Maximum arsenic concentrations 
(mg/kg FW), 2 in brain (vs. 1 in 
controls), 14 in muscle (2), 24 in 
liver (4), and 57 in kidney (10) 


36 


Total arsenic; diets contained lakeweed 
(Lagarosiphon major, 288 mg As/kg 
DW) at 58 mg total As/kg diet for 
3 wk 


No ill effects; tissue residues in- 
creased during feeding, but rap- 
idly declined when lakeweed 
was removed from diet 


25 
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Table 2. (Continued). 



Taxonomic group, species, 



arsenic compound, and dose 


Effect 


ReU 


Rat, Rattus spp. 


Arsanilic acid; 17.5 mg/kg 
diet for seven generations 


No teratogenesis observed; positive 
effect on litter size and survival 


28 


As^^; fed diets containing 50 mg/kg 


No effect on serum uric acid levels 


37 


for 10 wk 


As^'*', as arsenic trioxide; single oral 


LDjo (96 hr) 


9 


dose 15.1 mg/kg BW 


As^^, as arsenic trioxide; fed diets 
with 50 mg/kg for 21 d 


Tissue arsenic levels elevated in 
blood (125 mg/L vs. 15 in con- 
trols), heart (43.0 mg/kg FW vs. 
3.3), spleen (60.0 vs. 0.7), and 
kidney (25.0 vs. 1.5) 


25 


As^'*'; oral administration of 1.2 mg/kg 
BW daily for 6 wk 


Serum uric acid levels reduced 
67% 


37 


As^’*'; 10 mg/L in drinking water for 
7 mon 


Urinary metabolites were mainly 
methylated arsenic metabolites 
with about 6 % in inorganic 
form 


38 


Arsenobetaine; 100 mg As/L drinking 
water for 7 mon 


Eliminated in urine unchanged 
without transformation 


38 


Cacodylic acid (CA); pregnant rats 
dosed by gavage at 50-60 mg/kg 


Maternal deaths and fetal deaths 
and abnormalities noted 


11 


BW daily during gestation days 
6-13 


Dimethylarsinic acid (DMA); 

100 mg/L in drinking water for 
7 mon 


Main metabolites in urine were 
DMA and trimethylarsin oxide 
(TMAO) with minute amounts 
of tetramethylarsonium (TMA) 


38 


DMA; 40-60 mg/kg BW daily 


Fetal and maternal toxicity 


30 


for 10 d 


Monomethylarsonic acid (MM A); 
200 mg/L in drinking water 
for 7 mon 


Main products in urine were un- 
changed MMA, DMA, and small 
amounts of TMA and TMAO 


38 


Rodents, various species 


Cacodylic acid (CA); 470-830 
mg/kg BW 

Sodium cacodylate (SC); 
600-2,600 mg/kg BW 


LD 50 range by various routes of ad- 
ministration 

LD 50 range, various routes of ad- 
ministration 


11 


Cotton rat, Sigmodon hispidus; As^’*' as so- 
dium arsenite; adult males given 0, 5, or 
10 mg/L in drinking water for 6 wk 


Dose-dependent decrease in daily 
food intake; minimal effects on 
immune function, tissue weights, 
and blood chemistry 


39 
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Table 2. (Continued). 



Taxonomic group, species, 
arsenic compound, and dose 


Effect 


ReE 


Pig, Sus sp. 






as sodium arsenite; 


Lethal when arsenic residues 100- 


9 


500 mg/L in drinking water 


200 mg/kg BW 




3-Nitro-4-hydroxyphenyl- 


Arsenosis documented after 2 mon 


9 


arsonic acid; 100-250 mg/kg diet 

Human Health 


on diets containing 100 mg/kg or 
after 3-10 d on diets containing 
250 mg/kg 




As^’*'; 3.5 mg daily for 1 mon 
As^’*' as arsenic trioxide 


12,000 Japanese infants acciden- 
tally poisoned (128 deaths) from 
consumption of dry milk contam- 
inated with arsenic; postexposure 
effects (15 yr later) included se- 
vere hearing loss, brain wave ab- 
normalities, and other CNS dis- 
turbances 


28 


1-2.6 mg/kg BW (70-189 mg) 


Some deaths 


7 


7 mg/kg BW 


LD 50 


7 


CA; 1350 mg/kg BW 


LD 50 


7 


Total arsenic; 1-3 mg/kg BW daily for 3 


Symptoms of chronic arsenic poi- 


7 


mon in children or 80 mg kg/BW daily 
for 3 mon in adults 

Total arsenic in drinking and cooking wa- 
ter; prolonged use 


soning 




0.29 mg/L 


Skin cancer 


7 


0.6 mg/L 


Chronic arsenic intoxication 


7 


Total inorganic arsenic; 


May cause severe poisoning in in- 


28 


3 mg daily for 2 wk 


fants and symptoms of toxicity 
in adults 





“References: 1, USEPA 1980; 2, USEPA 1985; 3, Passino and Novak 1984; 4, Johnson and Finley 1980; 
5, Spehar et al. 1980; 6, Naqvi and Flagge 1990; 7, NRCC 1978; 8, Lima et al. 1984; 9, NAS 1977; 10, 
Cockell and Hilton 1985; 11, Hood 1985; 12, Thursby and Steele 1984; 13, Sanders 1986; 14, Wang et 
al. 1984; 15, Sheppard et al. 1985; 16, Jenkins 1980; 17, Robertson and McLean 1985; 18, Meharg et al. 
1998; 19, Marques and Anderson 1986; 20, Stanley et al. 1994; 21, Camardese et al. 1990; 22, Hoffman 
et al. 1992; 23, Pendleton et al. 1995; 24, Hudson et al. 1984; 25, Woolson 1975; 26, Vreman et al. 1986; 
27, Robertson et al. 1984; 28, Pershagen and Vahter 1979; 29, Nagymajtenyi et al. 1985; 30, Hughes and 
Kenyon 1998; 31, Hamasaki et al. 1995; 32, Hood et al. 1987; 33, Ng et al. 1998; 34, Stine et al. 1984; 
35, Deknudt et al. 1986; 36, van der Veen and Vreman 1986; 37, Jauge and Del-Razo 1985; 38, Yoshida 
et al. 1998; 39, Savabieasfahani et al. 1998. 

*’MATC, Maximum acceptable toxicant concentration. Lower value in each pair indicates highest concen- 
tration tested producing no measurable effect on growth, survival, reproduction, or metabolism during 
chronic exposure; higher value indicates lowest concentration tested producing a measurable effect. 
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of lead; arsenic concentrations in muscle and ova were similar for those held on 
control and tailings sediments (Stone and Johnson 1998). Reduced food avail- 
ability to ovigerous females due to smothering of the sea floor could result in 
reduced fecundity, poor larval survival, and increased susceptibility to disease 
(Johnson et al. 1998b). 

Juvenile yellowfin sole (Pleuronectes asper) avoid fresh tailings (15 mg As/kg 
DW) in favor of natural marine sediments (7 mg As/kg DW), but when tailings 
are covered with 2 cm control sediments, there is no significant avoidance of the 
covered fresh tailings (Johnson et al. 1998a). Growth was inhibited for sole held 
on fresh tailings for 30 d but not during days 30 to 60; survival was similar (90%- 
93% survival) for fish held on all sediments (Johnson et al. 1998a). 

Among terrestrial plants and invertebrates, yields of most crops decreased at 
soil arsenic levels of 3-28 mg water-soluble arsenic/L and 25-85 mg/kg of total 
arsenic; yields of peas (Pisum sativum) were decreased at 1 mg/L water-soluble 
arsenic or 25 mg/kg total soil arsenic; soybeans (Glycine max) grew poorly 
when plant residues exceeded 1 mg As/kg DW; and earthworms (Lumbricus 
terrestris) held in soils containing 40-100 mg As^^/kg DW soil for 23 d showed 
reduced survival, especially among worms held in soils <70 mm in depth when 
compared to worms held at 500-700 mm (Table 2; Eisler 2000). 

Signs of inorganic trivalent arsenite poisoning in birds (muscular incoordina- 
tion, debility, slowness, jerkiness, falling, hyperactivity, fluffed feathers, drooped 
eyelid, huddled position, unkempt appearance, loss of righting reflex, immobil- 
ity, seizures) were similar to those induced by many other toxicants and did not 
seem to be specific for arsenosis. Signs occurred within 1 hr and deaths within 
1-6 d postadministration; remission took up to 1 mon (Hudson et al. 1984). 
Internal examination suggested that lethal effects of acute inorganic arsenic poi- 
soning were caused by the destruction of the blood vessels lining the gut, which 
resulted in decreased blood pressure and subsequent shock (Nystrom 1984). 
Mallard ducklings fed a diet of 30-mg As/kg ration had reduced growth, and 
those fed a 300-mg As/kg diet had altered brain biochemistry and nesting behav- 
ior (see Table 2). Decreased energy levels and altered behavior can further de- 
crease duckling survival in a natural environment (Camardese et al. 1990). 

In mammals, arsenic uptake may occur by ingestion (the most likely route), 
inhalation, and absorption through the skin and mucous membranes. Soluble 
arsenicals are absorbed more rapidly and completely than are the sparingly solu- 
ble arsenicals, regardless of route of administration [National Research Council 
of Canada (NRCC) 1978]. In humans, inorganic arsenic at high concentrations 
is associated with adverse reproductive outcomes, including increased rates of 
spontaneous abortion, low birth weight, congenital malformations, and death 
(Hopenhayn-Rich et al. 1998). However, at environmentally relevant levels and 
routes of exposure, humans are not at risk for birth defects due to arsenic (Hol- 
son et al. 1998). In vitro tests with human erythrocytes demonstrate that inor- 
ganic As^^ as sodium arsenate was as much as 1000 times more effective than 
inorganic As^^ as sodium arsenite after exposure to 750 mg As/L in causing 
death, morphological changes, and ATP depletion (Winski and Carter 1998). 
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Acute episodes of poisoning in warm-blooded organisms by inorganic and 
organic arsenicals are usually characterized by high mortality and morbidity 
over a period of 2-3 d [National Academy of Sciences (NAS) 1977; Selby 
et al. 1977]. General signs of arsenic toxicosis include intense abdominal 
pain, staggering gait, extreme weakness, trembling, salivation, vomiting, diar- 
rhea, fast and feeble pulse, prostration, collapse, and death. Gross necropsy 
shows a reddening of gastric mucosa and intestinal mucosa, a soft yellow 
liver, and red edematous lungs, Histopathological findings show edema of gas- 
trointestinal mucosa and submucosa, necrosis and sloughing of mucosal epithe- 
lium, renal tubular degeneration, hepatic fatty changes and necrosis, and capil- 
lary degeneration in the gastrointestinal tract, vascular beds, skin, and other 
organs. 

In subacute episodes, in which animals live for several days, signs of arse- 
nosis include depression, anorexia, increased urination, dehydration, thirst, par- 
tial paralysis of rear limbs, trembling, stupor, coldness of extremities, and sub- 
normal body temperatures [NAS 1977; Selby et al. 1977; U.S. Public Health 
Service (USPHS) 2000]. In cases involving cutaneous exposure to arsenicals, a 
dry, cracked, leathery, and peeling skin may be a prominent feature (Selby et 
al. 1977). Nasal discharges and eye irritation were documented in rodents ex- 
posed to organoarsenicals in inhalation toxicity tests (Hood 1985). Subacute 
effects in humans and laboratory animals include peripheral nervous distur- 
bances, melanosis, anemia, leukopenia, cardiac abnormalities, and liver changes. 
Most adverse signs rapidly disappear after exposure ceases (Pershagen and 
Vahter 1979). 

Research results on arsenic poisoning in mammals (see Table 2; Eisler 2000) 
show general agreement on eight points: 

1. Arsenic metabolism and effects are significantly influenced by the organism 
tested, the route of administration, the physical and chemical form of the 
arsenical, and the dose. 

2. Inorganic arsenic compounds are more toxic than organic arsenic compounds, 
and tri valent species are more toxic than pentavalent species. 

3. Inorganic arsenicals can cross the placenta in most species of mammals. 

4. Early developmental stages are the most sensitive, and humans appear to be 
one of the more susceptible species. 

5. Animal tissues usually contain low levels (<0.3 mg As/kg EW) of arsenic. 
After the administration of arsenicals, these levels are elevated, especially in 
liver, kidney, spleen, and lung; several weeks later, arsenic is translocated to 
ectodermal tissues (hair, nails) because of the high concentration of sulfur- 
containing proteins in these tissues. 

6. Inorganic arsenicals are oxidized in vivo, biomethylated, and usually excreted 
rapidly in the urine, but organoarsenicals are usually not subject to similar 
transformations. 

7. Acute or subacute arsenic exposure can lead to elevated tissue residues, appe- 
tite loss, reduced growth, loss of hearing, dermatitis, blindness, degenerative 
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changes in liver and kidney, cancer, chromosomal damage, birth defects, and 
death. 

8. Death or malformations have been documented at single oral doses of 2.5-33 
mg As/kg body weight (BW), at chronic doses of 1-10 mg As/kg BW, and 
at dietary levels >5 and <50 mg As/kg diet. 

Unlike wildlife, reports of arsenosis in domestic animals are common in cat- 
tle and house cats, less common in sheep and horses, and rare in pigs and 
poultry (NAS 1977). In practice, the most dangerous arsenic preparations are 
dips, herbicides, and defoliants in which the arsenical is in a highly soluble 
trivalent form, usually as trioxide or arsenite (Selby et al. 1977). Accidental 
poisoning of cattle with arsenicals, for example, is well documented. In one 
instance, more than 100 cattle died after accidental overdosing with arsenic 
trioxide applied topically to control lice. On necropsy, there were subcutaneous 
edematous swellings and petechial hemorrhages in the area of application, as 
well as histopathology of the intestine, mucosa, kidney, and epidermis (Robert- 
son et al. 1984). 

When extrapolating animal data from one species to another, the species 
tested must be considered. For example, the metabolism of arsenic in the rat 
(Rattus sp.) is unique and very different from that in humans and other mam- 
mals. Rats store arsenic in blood hemoglobin, excreting it slowly, unlike most 
mammals, which rapidly excrete ingested inorganic arsenic in the urine as meth- 
ylated derivatives (NAS 1977). Blood arsenic, whether given as As^^ or As^^, 
rapidly clears from humans, mice, rabbits, dogs, and primates; the half-life is 6 
hr for the fast phase and about 60 hr for the slow phase [U.S. Environmental 
Protection Agency (USEPA) 1980]. In the rat, however, blood arsenic is mostly 
retained in erythrocytes and clears slowly; the half-life is 60-90 d (USEPA 1980). 
In rats, the excretion of arsenic into bile is 40 times faster than in rabbits and up 
to 800 times faster than in dogs (Pershagen and Vahter 1979). Most researchers 
agree that the rat is unsatisfactory for use in arsenic research (NAS 1977; NRCC 
1978; Pershagen and Vahter 1979; USEPA 1980; Webb et al. 1986). 



VI. Proposed Arsenic Criteria 

Numerous arsenic criteria have been proposed for the protection of human 
health and natural resources; some are shown in Table 3. Most proposed arsenic 
criteria have been exceeded, sometimes by orders of magnitude, in samples 
collected near gold mining extraction and refining facilities (see Tables 1, 2). 

Arsenic criteria are undergoing constant revision. Eor example, the criterion 
of 190 pg As^^/L for freshwater life protection (USEPA 1985) was reduced over 
a 5-yr period from 440 pg As^^/L (USEPA 1980) but still does not afford ade- 
quate protection; many species of freshwater biota are adversely affected at 
<190 pg/L As^^, As^^, or various organoarsenicals (Table 2). These adverse ef- 
fects include death and malformations of toad embryos at 40 pg/L, growth inhi- 
bition of algae at 48-74 pg/L, mortality of amphipods and gastropods at 85-88 
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Table 3. Proposed arsenic criteria for the protection of human health and selected natural 
resources. 



Resource and other Criterion or effective 

variables arsenic concentration Ref* 



Human Health 

Total diet 



Total intake 



Muscle of poultry and swine, eggs, swine 
edible byproducts 
Shellfish diet 

Crustaceans, edible tissues 
Tolerable daily intake 
Maximum allowable 
90th percentile consumers of shellfish 
Bivalve molluscs 
Lobsters, shrimp 
Drinking water 

Total arsenic, recommended 

Symptoms of arsenic toxicity observed 

Cancer frequency 

Tissue Residues 

No observed effect levels 



Arsenic-poisoned; liver or kidney 
Arsenic-poisoned; whole body; 
children vs. adults 



Air 

Inorganic arsenic, occupational vs. 

residential 
Organic arsenic 
Increased mortality 
Respiratory cancer, increased risk 



<0.5 mg As/kg dry weight (DW) 1,13 
diet; 0.0003-0.0008 mg/kg body 
weight (BW) daily 

No observable effect at <0.021 mg 1 
arsenic daily based on 0.0003 
mg/kg BW daily for 70-kg adult 

<2 mg As/kg fresh weight (FW) 2 

<76 mg total As/kg FW tissue 3 

<0.13 mg 4 

<30 mg total As/kg FW diet 4 

0.057 mg daily 4 

0.18 mg daily 4 

<10 pg/L 5, 6, 

7, 8 

9% incidence at 50 pg/L, 16% at 9 

50-100 pg/L, 44% at >100 pg/L 

0.01% at 82 pg As/L; 0.17% at 9 

600 pg As/L 

<0.05 mg As/L urine; <0.5 mg/kg 9 

liver or kidney; <0.7 mg/L 
blood; <2 mg/kg hair; <5 mg/kg 
fingernail 

2-100 mg As/kg FW 10 

1 mg As/kg BW (equivalent to in- 9 



take of 10 mg/mon for 3 mon) 
vs. 80 mg As/kg BW (intake of 
2 g/yr for 3 yr) 



<2 pg/m^ vs. <10 pg/m^ 1 

<500 pg/m^ 1 

>3 pg/m^ for 1 yr 9 

Lifetime occupational exposure 9, 1 1 



>54.6 pg As/m^; 50 pg As/m^ 
for more than 25 yr 
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Table 3. (Continued). 



Resource and other 
variables 



Skin diseases 
Dermatitis 

Soils used for food production or parks in 
Europe and UK 
Terrestrial Vegetation 
No observable effects 



Adverse effects, crops and vegetation 



Soils, recommended 

Phytotoxic or growth inhibition of tolerant 
genotypes 
Aquatic Biota 
Freshwater biota: medium 



Freshwater biota: tissue residues 



Saltwater biota: medium 



Saltwater biota: tissues 



Birds 

Single oral dose fatal to 50%; sensitive 
species 

Tissue residues, liver and kidney 



Criterion or effective 

arsenic concentration ReP 



60-13,000 |ig As/m3 9 

300-81,500 ligAs/m^ 9 

10-40 mg As/kg DW 12 

<1.0 mg total water-soluble soil 9 

As/F, <25.0 mg total As/kg soil, 

<3.9 pg As/m^ air 

3-28 mg water-soluble As/L, equiv- 7 



alent to 25-85 mg total As/kg 
soil; air concentrations >3.9 pg 
As/m^ 

<20 mg/kg (Germany) to <500 mg/ 8 
kg elsewhere 

>1000 mg/kg DW soil 12 

96-hr average water concentration 14 

should not exceed 190 pg total 
recoverable inorganic As^^/F 
more than once every 3 yr 

Diminished growth and survival in 9 

immature bluegills (Lepomis 
macrochirus) when total arsenic 
residues in muscle >1.3 mg/kg 
FW or >5 mg/kg in adults 

96-hr average water concentration 14 

should not exceed 36 pg As^'^/L 
more than once every 3 yr 

Depending on chemical form of ar- 
senic, certain marine fishes can 
tolerate muscle loading of 40 mg 
total As/kg FW 

17-48 mg As/kg BW 7 

Residues of 2-10 mg total As/kg 15, 16 
FW are considered elevated; resi- 
dues >10 mg/kg are indicative of 
arsenic poisoning 
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Table 3. (Continued). 



Resource and other 
variables 


Criterion or effective 
arsenic concentration 


ReU 


Diet 


Reduced growth in mallard (Anas 
platyrhynchos) ducklings fed 
more than 30 mg As/kg diet as 
sodium arsenate 


17 


Small Laboratory Mammals 


Adverse effects, sensitive species 


Single oral dose 2.5-33.0 mg As/ 
kg BW; chronic doses 1-10 mg 
As/kg BW; 50 mg As/kg diet 


7 


Domestic Livestock 


Feedstuffs 


Usually <2 mg total As/kg FW; <4 
mg total As/kg in grasses and 
<10 in fish meals 


18 


Tissue residues 


Normal, muscle 


<0.3 mg total As/kg FW 


19 


Arsenic-poisoned, liver and kidney 


5-10 mg total As/kg FW 


18, 20 



“References: 1, USPHS 2000; 2, Jelinek and Comeliussen 1977; 3, Jewett and Naidu 2000; 4, Adams et 
al. 1993; 5, Kurttio et al. 1998; 6, Huang and Dasgupta 1999; 7, Eisler 2000; 8, Matschullat et al. 2000; 
9, NRCC 1978; 10, NAS 1977; 11, Pershagen and Vahter 1979; 12, O’Neill 1990; 13, Sorensen et al. 
1985; 14, USEPA 1985; 15, Goede 1985; 16, Custer et al. 2002; 17, Camardese et al. 1990; 18, Vreman 
et al. 1986; 19, van der Veen and Vreman 1986; 20, Thatcher et al. 1985. 



|dg/L, and behavioral impairment of goldfish (Camssius auratus) at 100 |dg/L. 
A downward adjustment in the current freshwater aquatic life protection crite- 
rion seems merited. A similar scenario exists for saltwater life protection, where 
the water quality criterion of 36 |dg As^^/L was reduced from 508 |dg As^VL 5 
yr earlier (USEPA 1980, 1985), with only a few species of algae showing ad- 
verse effects at <36 |dg As/L (e.g., reduced growth at 19-22 |dg/L). 

Arsenic criteria in marine products of commerce also need to be reexamined 
because most of the arsenic in seafoods is in the form of arsenobetaine or some 
other comparatively harmless form and does not pose a threat to the consumer. 
It is now clear that the formulation of maximum permissible concentrations of 
arsenic in seafoods for health regulation purposes should recognize the chemical 
nature of arsenic (Jelinek and Comeliussen 1977; Phillips et al. 1982; Ozretic 
et al. 1990; McGeachy and Dixon 1990; Eisler 2000). 

Various phenylarsonic acids, including arsanilic acid, sodium arsinilate, and 
3-nitro-4-hydroxyphenylarsonic acid, have been used as feed additives for dis- 
ease control and for improvement of weight gain in swine and poultry for more 
than 40 yr (NAS 1977). The arsenic is present as As^^ and is rapidly excreted; 
present regulations require withdrawal of arsenical feed additives 5 d before 
slaughter for satisfactory feed depuration (NAS 1977). Under these conditions, 
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total arsenic residues in edible tissues do not exceed the maximum permissible 
limit of 3 mg/kg FW (Jelinek and Comeliussen 1977). Organoarsenicals will prob- 
ably continue to be used as feed additives until new evidence indicates the contrary. 

Many authorities now recognize that current arsenic criteria are not sufficient 
for adequate protection and that additional data are required for meaningful arsenic 
standards [NAS 1977; USEPA 1980, 1985; Abernathy et al. 1997; Society for 
Environmental Geochemistry and Health (SEGH) 1998; Eisler 2000]. Specifically, 
there is general agreement that data are needed on the following subjects: 

1. Cancer incidence and other abnormalities in natural resources with elevated 
arsenic levels, and the relation to potential carcinogenicity of arsenic com- 
pounds. 

2. Interaction effects of arsenic with other carcinogens, cocarcinogens, promot- 
ing agents, inhibitors, and common environmental contaminants. 

3. Controlled studies with aquatic and terrestrial indicator organisms on physi- 
ological and biochemical effects of long-term, low-dose exposures to inor- 
ganic and organic arsenicals, including effects on reproduction and genetic 
makeup. 

4. Methodologies for establishing maximum permissible tissue concentrations 
for arsenic. 

5. Effects of arsenic in combination with infectious agents. 

6. Mechanisms of arsenical growth-promoting agents. 

7. Role of arsenic in nutrition. 

8. Extent of animal adaptation to arsenicals and the mechanisms of action. 

9. Identification and quantification of mineral and chemical forms of arsenic 
in rocks, soils, and sediments that constitute the natural forms of arsenic 
entering water and the food chain. 

10. Physicochemical processes influencing arsenic cycling. 

Summary 

Arsenic sources to the biosphere associated with gold mining include waste 
soil and rocks, residual water from ore concentrations, roasting of some types 
of gold-containing ores to remove sulfur and sulfur oxides, and bacterially en- 
hanced leaching. Arsenic concentrations near gold mining operations are ele- 
vated in abiotic materials and biota: maximum total arsenic concentrations mea- 
sured were 560 pg/L in surface waters, 5.16 mg/L in sediment pore waters, 5.6 
mg/kg DW in bird liver, 27 mg/kg DW in terrestrial grasses, 50 mg/kg DW in 
soils, 79 mg/kg DW in aquatic plants, 103 mg/kg DW in bird diets, 225 mg/kg 
DW in soft parts of bivalve molluscs, 324 mg/L in mine drainage waters, 625 
mg/kg DW in aquatic insects, 7,700 mg/kg DW in sediments, and 21,000 mg/ 
kg DW in tailings. 

Single oral doses of arsenicals that were fatal to 50% of tested species ranged 
from 17 to 48 mg/kg BW in birds and from 2.5 to 33 mg/kg BW in mammals. 
Susceptible species of mammals were adversely affected at chronic doses of 
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1-10 mg As/kg BW or 50 mg As/kg diet. Sensitive aquatic species were dam- 
aged at water concentrations of 19-48 pg As/L, 120 mg As/kg diet, or tissue 
residues (in the case of freshwater fish) >1.3 mg/kg fresh weight. Adverse ef- 
fects to crops and vegetation were recorded at 3-28 mg of water-soluble As/L 
(equivalent to about 25-85 mg total As/kg soil) and at atmospheric concentra- 
tions >3.9 pg As/m^ Gold miners had a number of arsenic-associated health 
problems, including excess mortality from cancer of the lung, stomach, and 
respiratory tract. Miners and schoolchildren in the vicinity of gold mining activi- 
ties had elevated urine arsenic of 25.7 pg/L (range, 2.2-106.0 pg/L). Of the total 
population at this location, 20% showed elevated urine arsenic concentrations 
associated with future adverse health effects; arsenic-contaminated drinking wa- 
ter is the probable causative factor of elevated arsenic in their urine. Proposed 
arsenic criteria to protect human health and natural resources are listed and 
discussed. Many of these proposed criteria do not adequately protect sensitive 
species. 
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Birds, ChE recovery times OP exposure, 

172:26 

Birds, fipronil toxicity, 176:32 
Birds, proposed arsenic criteria, 180:157 
Birds, range of OP toxicity studies, 172: 
36 

Bismuth, house dust concentrations, 175: 
30 

Black plug layering consortium (micro- 
bial), 173:137 

Black River, brown bullheads liver le- 
sions, 174:13 

Black River, PAH-sediment remediation, 

174:12 

Blood cholinesterases (ChE), biomarker 
OP exposure, 172:22 
Boiling points, indoor pollutants (table), 

175:2 

Boltzmann’s constant, abiotic pesticide hy- 
drolysis, 175:83 

Bone formation, teleosts, 172:10 
Bone tissue, composition, 172:10 
Boranes, polychlorinated, chiral insecti- 
cide, 173:91 

Boron, house dust concentrations, 175: 

29 

Brackish water, Baltic Sea, 179:2 
Brain AChE vs serum ChE activity, liz- 
ards OP-exposed, 172:51 
Bromine residues, above-ground plant tis- 
sues, methyl bromide, 177:66 
Bromine residues, edible plant parts, 
methyl bromide, 177:67 
Bromine residues, plant seedlings, methyl 
bromide, 177:66 

Bromine residues, soils/plants from 

methyl bromide fumigation, 177:62, 
64 

Bromine vs chlorine, ozone breakdown ef- 
ficiency, 177:47 

Bromocyclen, chiral insecticide, 173:91 
Bromomethane, see methyl bromide, 177: 
46 

Bromophos, hydrolytic profile, 175:208 
Buffer, abiotic pesticide hydrolysis, 175: 
84 

Buffer catalysis, pesticide hydrolysis in 
aquatic systems, 175:164 
Bumblebee adults, spinosad toxicity, 179: 
43 



Bumblebee larvae, spinosad toxicity, 179: 
51 

Butamifos, hydrolytic profile, 175:220 
Butox®, deltamethrin, 174:95 
Butyrylcholinesterase (BChE), biomarker 
of OP exposure, 172:22 

Cadmium, algal toxicity (table) , 178:38 
Cadmium, bioaccumulation field crops, 
177:2 

Cadmium, bioaccumulation in Antarctic 
food webs, 171:64 

Cadmium, concentration in fertilized/un- 
fertilized soils Australia, 177:19 
Cadmium concentrations, Antarctic fish, 
171:53 ff., 63 

Cadmium concentrations, seabirds South- 
ern Ocean, 171:67 
Cadmium fixation in soils, 178:5 
Cadmium, house dust concentrations, 

175:29 

Cadmium, occupational hair levels, 175: 
58 

Cadmium, soil accumulation from fertiliz- 
ers, 177:14 

Cadmium, soil contaminant sources, 177:3 
Cadmium transfer to birds/seals breeding 
in Antarctica, 171:77 
Calcitonin, teleost- secreted, 172:5 
Calcium dihydrogen phosphate, fertilizer, 
177:11 

Calcium monohydrogen phosphate, fertil- 
izer, 177:11 

Calcium/phosphate regulation, pesticide 
effects teleosts, 172:8 
Cancer, various forms arsenic-related, 

180:136 

Capsule-producing bacteria, chlorine toler- 
ance, 171:11 

Captafol, hydrolytic profile, 175:204 
Captan, hydrolytic profile, 175:204 
Camssius auratus, chlorinated tissue resi- 
dues, 173:12 

Carbamate pesticides, hydrolysis kinetics 
mechanisms, 175:108 
Carbamate pesticides, structures & hydro- 
lytic profiles, 175:200 
Carbamate potentiation, by OPs, 172:39 
Carbamates, acid and alkaline hydrolysis 
mechanisms, 175:110 
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Carbaryl, hydrolytic profile, 175:200 
Carbazole & homocyclic analog fluorene 
(illus.), 173:41 

Carbofuran, degradation by photo-Fenton 
process, 177:160 

Carbofuran, hydrolytic profile, 175:200 
Carbonate apatite, phosphate fertilizer, 

177:11 

Carboxin, hydrolytic profile, 175:196 
Carboxylesterase (CbE), role in OP toxic- 
ity, 172:31 

Carboxylic esters, hydrolysis, 175:90 
Carcinogenicity, azaarenes, 173:62 
Carcinogenicity, chromium, 178:59 
Carcinogenicity, DINP, 172:108 
Carcinogenicity, fipronil, 176:35, 45 
Carfentrazone hydrolysis, 175:162 
Carfentrazone, hydrolytic profile, 175:232 
Cartap, hydrolysis pathway, 175:119 
Cartap, hydrolytic profile, 175:200 
CAS chemical registration numbers, see 
Chemical Abstract regis nos, 174:66 
CAS numbers, chiral pesticides, 173:107 
CAS numbers, drugs (table), 180:76 
CAS numbers, organophosphate insecti- 
cides, 172:215 

CAS numbers, pesticide list, 177:183 
CAS numbers, pesticides veterinary use 
(table), 180:76 

CAS numbers, veterinary medicines (ta- 
ble), 180:76 

Cation exchange capacities (CECs), soils, 

178:4 

CbE (carboxylesterase), role in OP toxic- 
ity, 172:31 

CbE activity, parathion-exposed lizards, 

172:43 

CBR approach, uncertainties, 173:6 
CBR defined, 173:2 
CBR determinants, 173:10 
CBR evaluation, methodology, 173:6 
CBR variability, 173:9 
CBRs (Critical Body Residues), 173:2 
CBRs, acute/chronic toxicity of chemical 
classes, aquat organ, 173:5 
CBRs, ranges affecting survival, 173:27 
ecu (urea herbicide), hydrolytic profile, 
175:198 

CECs (See cation exchange capacities, 

178:4 



Cellular oxygen uptake, chlorine effects, 

171:7 

Cellular uptake, chlorine effects, 171:6 
Cephalosporins, mechanisms of action, 

171:39 

Chamber methods, methyl bromide volatil- 
ization, 177:83 

Charcoal tubes, methyl bromide adsor- 
bent, 177:57 

ChE (blood cholinesterases), biomarker of 
OP exposure, 172:22 
ChE, biomarker of OP exposure, aquatic 
invertebrates, 172:23 

ChE I 50 S, OP concentrations various wild- 
life (table), 172:28 
ChE inhibition, sublethal OP levels 
aquatic organisms, 172:44 
ChE measurements, aquatic invertebrates 
(table), 172:24 

ChE recovery times, OP exposure aquatic 
invertebrates, 172:25 
ChE recovery times, OP exposure birds, 

172:26 

ChE recovery times, OP exposure fish, 

172:25 

ChE recovery times, OP exposure non- 
mammalian vertebrates , 172:25 
ChE recovery times, OP exposure rep- 
tiles, 172:26 

Chelators, effect in algal toxicity testing, 

178:30 

Chemical Abstracts registration numbers, 
pyrethroids, 174:66, 73, 82, 95, 117, 
125, 139, 151 

Chemical Abstracts Service Registery 
numbers, OP insecticides, 172:215 
Chemical classes, modes of action, 173:8 
Chemical names, drugs (table), 180:76 
Chemical names, organophosphate insecti- 
cides, 172:215 

Chemical names, pyrethroids, 174:66, 73, 
82, 95,117, 125, 139, 151 
Chemical names, veterinary medicines (ta- 
ble), 180:76 

Chemical properties, pyrethroids, 174:49 
ff. 

Chemical reactivity, chromate ion, 178:57 
Chemical structure, triclopyr, 174:20 
Chemical structures, fenvalerate & esfen- 
valerate, 176:139 
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Chemical warfare agents. National Re- 
search Council (NRC) Review, 172: 
71 

Chemical warfare agents, oral reference 
doses, 172:65 ff. 

Chemical warfare agents, RfDs & total un- 
certainty factors (UFs), 172:68 
Chemical warfare agents, toxicological cri- 
teria for RfDs, 172:80 
Childhood exposure, diisononyl phthalate, 
172:111 

Chiral compounds, enrichment processes, 

173:105 

Chiral compounds, ERs in different com- 
partments, 173:93 

Chiral compounds, mirror image struc- 
tures, 173:92 

Chiral compounds, shielding from the ra- 
cemate, 173:104 
Chiral PCBs, 173:91 
Chiral pesticides, constant enantiomer 
fraction, 173:101 

Chiral pesticides, enantiomeric enrich- 
ment in environ, 173:85 ff. 

Chiral pesticides, enrichment processes, 

173:105 

Chiral pesticides, list, 173:90 
Chiral pesticides, racemic mixture devia- 
tions, 173:100 

Chiral pesticides, shielding from the race- 
mate, 173:104 

Chiral pesticides, worldwide use, 173:86 
Chlamydomonas reinhardii (alga), pH ef- 
fects Cu toxicity, 178:30 
Chloramphenicol, mechanisms of action, 

171:39 

Chloramphenicol resistant bacteria, 171: 
21, 23 

cw-Chlordane, CAS number, 173:107 
cw-Chlordane, chiral insecticide, 173:90, 
97, 104 

cw-Chlordane, enantiomer structures, 173: 
92 

cw-Chlordane, lUPAC chemical name, 

173:107 

fran.y-Chlordane, CAS number, 173:107 
franj'-Chlordane, chiral insecticide, 173: 
90, 98, 104 

franj--Chlordane, enantiomer structures, 

173:92 



trawj-Chlordane, lUPAC chemical name, 

173:107 

Chlordane compounds, chiral insecticides, 
173:90, 94 

Chlordane compounds, stereochemical 
recognition, 173:103 
Chlordane, house dust concentrations, 

175:19 

Chlordane-cA, chiral insecticide, 173:90, 
97, 104 

Chlordane-rran.?, chiral insecticide, 173: 
90, 98, 104 

Chlordimeform, hydrolytic profile, 175: 
232 

Chlorella pyrenoidosa (alga), Cu & Pb 
testing, 178:28 

Chlorella vulgaris (alga), toxicity testing, 
178:34, 37 

Chlorfenvinphos, hydrolytic profile, 175: 
212 

Chlorfenvinphos photoproducts, 172:153 
Chlorimuron ethyl, hydrolytic profile, 
175:224 

Chlorinated pesticides, fish, 179:27 
Chlorination, increasing resistance in bac- 
teria, 171:1 ff. 

Chlorine/antibiotic resistance in bacteria, 

171:19 

Chlorine, bacterial resistance, 171:2 
Chlorine, bacterial tolerance or resis- 
tance?, 171:9 

Chlorine disinfection today, 171:25 
Chlorine, dosages used for various appli- 
cations (table), 171:3 
Chlorine, effect on amino acids, 171:6 
Chlorine, effect on ATP formation, 171:8 
Chlorine, effect on cellular uptake, 171:6 
Chlorine, effect on DNA, 171:8 
Chlorine, effect on membrane permeabil- 
ity, 171:6 

Chlorine, effect on sulfhydryl enzymes, 

171:6 

Chlorine, history in water disinfection, 

171:2 

Chlorine, mechanisms of action, 171:4, 5 
Chlorine, mechanisms of tolerance bacte- 
ria, 171:10 

Chlorine, promotes bacterial aggregation, 

171:12 

Chlorine resistance, bacteria, 171:19 
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Chlorine tolerance, bacteria attach to sur- 
faces, 171:13 

Chlorine tolerance, bacterial antecedent 
growth, 171:14 

Chlorine tolerance, encapsulated bacteria, 

171:11 

Chlorine tolerance, previous exposure ef- 
fects, 171:17 

Chlorine, use as disinfectant, 171:4 
Chlorine, used as disinfectant by nature, 

171:3 

Chlorine-resistant bacteria, mechanisms of 
tolerance, 171:10 

Chlormephos photoproducts, 172:196 
Chloropicrin, added warning agent in 
methyl bromide, 177:49 
Chloropicrin, methyl bromide replace- 
ment, 177:107 

Chloroxuron, hydrolytic profile, 175:198 
Chlorpropham, hydrolytic profile, 175:200 
Chlorpyrifos, house dust concentrations, 
175:19, 21 

Chlorpyrifos, hydrolytic profile, 175:212 
Chlorpyrifos, metabolic pathway (diag.), 

172:3 

Chlorpyrifos, metabolite chemical struc- 
tures, 172:3 

Chlorpyrifos methyl, hydrolytic profile, 

175:212 

Chlorpyrifos oxon, 172:3 
Chlorpyrifos photoproducts, 172:185 
Chlorpyrifos, sublethal AChE inhibition 
aquatic organisms, 172:44 
Chlorpyrifos-oxon I50S, ChE fish, 172:29 
Chlorsulfuron, hydrolytic profile, 175:224 
Chlorthion, hydrolytic profile, 175:208 
Chlozolinate, hydrolytic profile, 175:204 
Cholinesterase-inhibiting pesticides, utility 
index & score, 176:82, 86 
Cholinesterase-inhibiting pesticides, verte- 
brate vulnerability index, 176:81, 83, 
87 

Chromate ion, chemical reactivity, 178:57 
Chromate-contaminated soil/water, reme- 
diation, 178:77 

Chromate-contaminated soils, remediation 
technologies, 178:79 
Chromite, only major commercial prod- 
uct, 178:95 



Chromium (III), chemistry, 178:57 
Chromium (III), oxidation rate by y- 
MnOOH, 178:102 

Chromium (III), threshold permissible lev- 
els in soils, 178:78 

Chromium (V), accumulation in Cr(VI) re- 
duction to Cr(III), 178:119 
Chromium (VI), bioremediation technol- 
ogy, 178:144 

Chromium (VI), chemistry, 178:57 
Chromium (VI) direct reduction, micro- 
bial, 178:104 

Chromium (VI), factors affecting soil solu- 
tion, 178:72 

Chromium (VI) reductases, bacteria, 178: 
118 

Chromium (VI) reduction, list of capable 
microbes, 178:106 

Chromium (VI) reduction microbes, list, 

178:106 

Chromium (VI) reduction, microbial aero- 
bically, 178:106 

Chromium (VI) reduction, microbial an- 
aerobically, 178:106 
Chromium (VI), soil adsorption, 178:74 
Chromium (VI), threshold permissible lev- 
els in soils, 178:78 

Chromium (VI) tolerance, microbes, 178: 
103 

Chromium (VI) transformation to non- 
toxic Cr(III), 178:94 

Chromium (Vl)-tolerant bacteria, 178:125 
Chromium, adsorption/desorption, soils, 

178:70 

Chromium, anthropogenic sources, 178: 

95 

Chromium, carcinogenicity, 178:59 
Chromium chemistry, soils, 178:53 ff. 
Chromium, commercial uses, 178:54 
Chromium cycle in soil and water (dia- 
gram), 178:60 

Chromium, effects on enzymes in soils, 

178:138 

Chromium, effects on microbial processes 
in soils (table), 178:133 
Chromium, effects on nitrogen fixation in 
soil, 178:139 

Chromium, effects on pure cultures, mi- 
croorgs (table), 178:133 
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Chromium, effects on reductive dechlori- 
nation in soil, 178:140 
Chromium, effects on soil dehydrogenase 
activity, 178:132 

Chromium, effects on soil microbial com- 
munities, 178:130 

Chromium, effects on soil respiration, 

178:139 

Chromium extraction, serpentine soils, 

178:62 

Chromium extraction, sludge, 178:62 
Chromium genotoxicity, 178:59 
Chromium, house dust concentrations, 

175:29 

Chromium, in soil solution, 178:67 
Chromium, in tannery waste sites, 178:53 
ff. 

Chromium, industrial consumption, 178: 
96 

Chromium, inhibitory effects on soil nitri- 
fication, 178:139 

Chromium, iron effects on oxidation, 

178:98 

Chromium, irreversible reduction, Cr(VI) 
to Cr(III), 178:78 

Chromium, manganese effects on oxida- 
tion, 178:99 

Chromium, natural sources, 178:95 
Chromium, occupational hair levels, 175: 
58 

Chromium, organically complexed solubil- 
ity, 178:69 

Chromium, oxidation of Cr(III) to Cr(VI), 

178:71 

Chromium oxidation reactions, soil, 178: 
98 

Chromium oxidation, soil type effects, 

178:100 

Chromium, partitioning &. mobility, 178: 

66 

Chromium partitioning, sludge/soils, 178: 
63 

Chromium, priority pollutant, 178:94 
Chromium, reduction potential diagram, 

178:56 

Chromium remediation in soils, 178:143 
Chromium remediation in wastewater, 

178:141 

Chromium salts, 178:54 



Chromium sequential extraction scheme, 
Chinese soils, 178:63 
Chromium, soil contaminant sources, 

177:3 

Chromium, soil mobility, water solubility, 

178:97 

Chromium, soil organic matter effects, 

178:97 

Chromium, soil solution chemistry, 178: 
67 

Chromium, solid-phase speciation, 178:61 
Chromium, stable oxidation states, 178:55 
Chromium, thermodyn stability, aqueous 
species (diag), 178:68 
Chromium toxicity, algae, 178:129 
Chromium toxicity, animals, humans, 
178:58 

Chromium toxicity, fungi, 178:127 
Chromium toxicity, general, 178:58 
Chromium toxicity, microorganisms, 178: 
126, 128 

Chromium toxicity, mycorrhizal fungi, 
178:127 

Chromium toxicity, plants, microorgan- 
isms, 178:58 

Chromium transformation in soil, factors 
governing, 178:97 

Chromium transformation in soil, microbe 
factors, 178:103 

Chromium, various forms, 178:95 
Chromium, water solubility, 178:97 
Chromium-contaminated soils, microor- 
ganism remediation, 178:93 ff. 
Chromium-contaminated soils, sources, 
178:94 

Chromium-contaminated water & soils, re- 
mediation, 178:141 

Chromium-microorganism interactions, 
soil, 178:93 ff. 

Chromophores, spectral absorption max- 
ima (table), 172:136 

Chromosome aberrations, DINP, 172:108 
Chronic toxicity, fipronil mammals, 176: 
34 

Chrysene, PAH, 179:75 
CIRAD-GERDAT-PRIFAS, fipronil tests, 
176:40 

Circumpolar biomonitoring networks, 

171:53 ff 
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Cislin®, deltamethrin, 174:95 
Clams, trace metals Antarctica, 171:83 
Class 1 and 2 pyrethroids, hydrolysis, 

175:95 

Cleanup of pesticide contaminated soils, 

177:161 

CNS seizure agents, CBRs, 173:5 
CNS seizure agents, defined, 173:2 
CNS seizure agents, mode of action, 173: 
8 

CNS seizure agents, tissue residues, 173: 
19 

Coastal benthic invertebrates, trace metal 
levels (Ross Sea), 171:75 
Coastal benthic organisms, trace metal lev- 
els, 171:73 

Cobalt fixation in soils, 178:6 
Cobalt, house dust concentrations, 175: 

30 

Cobalt, occupational hair levels, 175:58 
Coke production, PAH source, 174:12 
Collagen content, fish response to pesti- 
cides, 172:12 

Commission on Agrochemicals and the 
Environment, 177:125 
Common names, terrestrial vertebrates, 

176:70 

Common names,organophosphate insecti- 
cides, 172:215 

Comparative toxicity, azaarenes vs homo- 
cyclic PAHs, 173:67 
Complexation affinity, metal cations by 
organic matter (diagram), 177:7 
Composting, pesticide contaminated soils, 
177:166 

Consortial microbial events, deep sea rus- 
ticles, 173:117 ff. 

Consortial nature of microbial events. Ti- 
tanic, 173:117 ff. 

Contact lens wearers, risk factors kerati- 
tis, 180:122 

Contact lenses, Acanthamoeba keratitis as- 
sociation, 180:119 

Contact lenses, age distribution of users, 

180:120 

Contact lenses, demographics of use, 180: 
119 

Contact lenses, eye disease association, 

180:119 



Contact lenses, history of development, 

180:119 

Contact lenses, types, 180:120 
Container and packaging (pesticide) dis- 
posal, 177:142 

Contaminant effects, aquatic organisms, 

173:1 ff. 

Contaminated sediment, aquatic environ- 
ment effects, 174:2 

Contaminated sediment remediation, 174: 

1 ff. 

Contaminated sediment removal, dredg- 
ing, 174:10 

Contaminated sediments, aquatic ecosys- 
tem effects, 174:4 

Cooking ware, hair trace element contami- 
nation, 175:55 

Copper concentrations, Antarctic fish, 
171:53 ff., 63 

Copper fixation in soils, 178:5 
Copper, occupational hair levels, 175:58 
Copper, soil contaminant sources, 177:3 
Copper toxicity, earthworms, 178:10 
Cosmetics, hair trace element contamina- 
tion, 175:59 

Cotton glove, house dust press sampling, 

175:10 

Cottonseed, aflatoxins Arizona monitoring 
results, 171:146 

Cottonseed, ammonia treatment of afla- 
toxin-contaminated, 171:148 
Coumaphos, hydrolytic profile, 175:212 
Coumaphos photoproducts, 172:192 
Crayfish, bioindicators of water pollution, 
172:23 

Critical Body Residues (CBRs), 173:2 
Croococcus paris (alga), zinc toxicity test- 
ing, 178:37 

Cross-resistance (insect), fipronil, 176:3, 
52 

Culture media, algal toxicity testing, 178: 
28 

Cyanazine, hydrolytic profile, 175:230 
Cyanofenphos, hydrolytic profile, 175: 

220 

Cyanogen chloride, RfDs & UFs, 172:68 
Cyanophos photoproducts, 172:180 
Cyclic dicarboximide fungicides, hydroly- 
sis pathways, 175:122 
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Cyclic dicarboximide fungicides, struc- 
tures &. hydrolytic profiles, 175:204 
Cyclic dicarboximide pesticides, hydroly- 
sis mechanisms, 175:120 
Cyclolella sp. (alga), toxicity testing, 178: 
34 

Cyfluthrin, abiotic chemical properties, 

174:77 

Cyfluthrin, aerobic soil degradation, 174: 
80 

Cyfluthrin, Baythroid®, 174:73 
Cyfluthrin, biotic chemical properties, 

174:80 

Cyfluthrin, hydrolysis, 174:77, 79 
Cyfluthrin, hydrolytic profile, 175:192 
Cyfluthrin, photolysis in water, 174:77, 

80 

Cyfluthrin, physicochemical properties, 
174:52, 73 

Cyfluthrin, soil sorption partition coeffi- 
cients, 174:78 

Cyhalothrin, degradation in soil (chart), 
174:59, 60 

Cyhalothrin, hydrolytic profile, 175:192 
Cypermethrin, abiotic chemical proper- 
ties, 174:87 

Cypermethrin, aerobic soil degradation, 

174:92 

Cypermethrin, aquatic degradation, 174: 
92, 94 

Cypermethrin, hydrolysis, 174:87, 90 
Cypermethrin, hydrolytic profile, 175:192 
Cypermethrin, photolysis in water, 174: 
87, 91 

Cypermethrin, photolysis on soil, 174:90 
Cypermethrin, physicochemical proper- 
ties, 174:52, 82 

Cypermethrin, soil sorption partition coef- 
ficients, 174:86, 88 

2,4-D, house dust contaminant, 175:16 

2,4-D, hydrolytic profile, 175:190 

2,4-D, soil leaching qualities, 174:30 
DANIDA report, fipronil, 176:42 
Daphnia magna, antibacterials toxicity, 
180:71 

Daphnia magna, narcotic tissue residues, 

173:11 

2,4’-DDT, chiral insecticide, 173:91 



2,4’-DDD, chiral insecticide, 173:91 
p,p’-DDT, hydrolytic profile, 175:206 
DDT, herring, Baltic Sea, 179:28 
DDT, house dust concentrations, 175:19 
DDT residues, mummichogs, 173:21 
DDT-contaminated sediment. Great 
Lakes, 174:12 

Decis®, deltamethrin, 174:95 
Deet, hydrolytic profile, 175:196 
Degradation pathway (diagram), triclopyr, 

174:25 

Degradation pathways, fenvalerate soils, 

176:145 

Degradation pathways, fipronil, 176:12, 

13 

Dehalogenation, pesticide waste disposal, 

177:151 

Dehydrogenases, chromium effects in 
soil, 178:132 

Deinococcus spp., radiation-resistant bac- 
teria, 173:134 

Deltamethrin, abiotic chemical properties, 

174:104 

Deltamethrin, aerobic aquatic degradation, 
174:113, 116 

Deltamethrin, aerobic soil degradation, 

174:112 

Deltamethrin, biotic chemical properties, 

174:111 

Deltamethrin, Butox®, Cislin®, Decis®, K- 
Othrin®, 174:95 

Deltamethrin, hydrolysis, 174:104, 108 
Deltamethrin, hydrolytic profile, 175:192 
Deltamethrin, photolysis in water, 174: 
106, 109 

Deltamethrin, photolysis on soil, 174:110 
Deltamethrin, physicochemical properties, 
174:52, 95 

Deltamethrin, soil sorption partition coeffi- 
cients, 174:100, 103 
Demeton-S, hydrolytic profile, 175:212 
Demeton-S sulphone, hydrolytic profile, 

175:212 

Demeton-S sulphoxide, hydrolytic profile, 
175:212 

Demeton-S-methyl, hydrolytic profile, 
175:212 

Demeton-S-methyl sulphone, hydrolytic 
profile, 175:212 
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Denitration, new photochemical behavior, 

172:173 

Dermal toxicity, fipronil, 176:35 
Des-ethyl chlorpyrifos, metabolite, 172:3 
Developmental toxicity, DINP, 172:106 
Dialkyl phthalate (DAPs), plastic softener 
uses, 172:87 

Diazinon, hydrolytic profile, 175:208 
Diazinon I 50 S, ChE fish, 172:29 
Diazinon photoproducts, 172:189 
Diazoxon I 50 S, ChE fish, 172:29 
Dibenzacridines, mutagenicity, 173:66 
Dibenz[fl,/i]anthracene, PAH, 179:75 
Dicamba, soil leaching index, 174:33 
Dicapthon, hydrolytic profile, 175:208 
Dicarboximide fungicides, hydrolysis 
pathways, 175:122 

Dicarboximide fungicides, structures & 
hydrolytic profiles, 175:204 
Dicarboximide pesticides, hydrolysis 
mechanisms, 175:120 
Dichloropropene (1,3-D), methyl bromide 
replacement, 177:107 
Dichlorprop, chiral herbicide, 173:90 
Dichlorvos, hydrolytic profile, 175:212 
Dichlorvos EoS, ChE fish, 172:28 
Dichlorvos EoS, ChE fish, 172:28 
Diclofop-methyl, hydrolytic profile, 175: 
190 

Dicofol, hydrolytic profile, 175:206 
Dicrotophos, hydrolytic profile, 175:212 
Diet effect, hair trace element contamina- 
tion, 175:54 

Diethanyl-ethyl, hydrolytic profile, 175: 
194 

Diflubenzuron, hydrolysis pathways, 175: 
109 

Diflubenzuron, hydrolytic profile, 175: 

198 

Diflufenican, hydrolytic profile, 175:232 
Diisononyl phthalate (DINP), chemistry, 

172:87 ff. 

Diisononyl phthalate (DINP), environmen- 
tal fate, 172:87 ff. 

Diisononyl phthalate (DINP), toxicology, 

172:87 ff. 

Diisononyl phthalate, analytical methods, 

172:93 

Diisononyl phthalate, end uses (table), 

172:91 



Diisononyl phthalate, environmental con- 
cerns, 172:93 

Diisononyl phthalate, environmental lev- 
els, 172:95 

Diisononyl phthalate, health concerns, 

172:88 

Diisononyl phthalate, mode of action, 
172:109 

Diisononyl phthalate, physicochemical 
properties, 172:89 

Diisononyl phthalate, production & use, 

172:89 

Diisononyl phthalate, sources, 172:88 
Dimer formation, allethrin alkaline hydro- 
lysis, 175:94 

Dimethoate, sublethal AChE inhibition 
aquatic organisms, 172:45 
Dimetilan, hydrolytic profile, 175:200 
Dinitroaniline herbicides, chemical struc- 
tures, 175:168 

DINP (diisononyl phthalate), environmen- 
tal fate, 172:87 ff. 

DINP, acute toxicity mammals, 172:101 
DINP, analytical methods, 172:93 
DINP, biological effects, 172:97 
DINP, carcinogenicity, 172:108 
DINP, childhood exposure, 172: 1 1 1 
DINP, developmental toxicity, 172:106 
DINP, end uses (table), 172:91 
DINP, endocrine modulation, 172:110 
DINP, environmental concerns, 172:93 
DINP, environmental levels, 172:95 
DINP, environmental sampling tech- 
niques, 172:94 

DINP, environmental transformations/fate, 
172:96 

DINP, exposure assessment, 172:115 
DINP, flexible PVC plasticizer, 172:91 
DINP, hazard characterization, 172:113 
DINP, human exposure, 172:111 
DINP, human health risk assessment, 
172:111 

DINP, mammalian toxicity, 172:99 
DINP, metabolism mammals, 172:99 
DINP, mode of action, 172:109 
DINP, mutagenicity/genotoxicity, 172: 

107 

DINP, occupational exposure, 172:111 
DINP, release to environment, 172:93 
DINP, reproductive effects, 172:103 
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DINP, tolerable daily intake, 172: 1 14 
DINP, toxicity aquatic organisms, 172: 

98 

DINP, toxicology, 172:97 
DINP, toy manufacturing, 172:92 
DINP, uses in plastics industry, 172:87 
Dioxabenzophos photoproducts, 172:195 
Dioxins (PCDDs), house dust contami- 
nants, 175:27 

Dislodgeable residues, spinosad toxicity, 

179:44 

Disposal of unused pesticide stocks, 177: 
134 

Dissolved organic carbon, effects on 
metal aging, soils, 178:5 
Dissolved organic matter, abiotic pesti- 
cide hydrolysis, 175:86 
Dithiophosphates, organophosphates pho- 
tochemistry, 172:195 
Diuron, hydrolytic profile, 175:198 
DMPA (Zytron®), hydrolytic profile, 175: 
220 

DNA, chlorine effects, 171:8 
DOC (See dissolved organic carbon), 

178:5 

Domestic animals, arsenic effects, 180: 
148 

Domestic livestock, proposed arsenic crite- 
ria, 180:157 

DPSIR, identified, 179:30 
DPSIR, illustrated, 179:33 
Dredging, removal of contaminated sedi- 
ments, 174:10 

Drinking water, proposed arsenic criteria, 

180:156 

Drinking water residues, fipronil, 176:19 
Drug aquatic toxicity, 180:44 ff. 

Drug degradation, veterinary different sce- 
narios (data), 180:37 
Drug disposal, veterinary unwanted, 180: 
16 

Drug terrestrial toxicity, 180:63 ff. 

Drugs, CAS numbers (table), 180:76 
Drugs, chemical names (table), 180:76 
DTPA (See diethylenetriaminepentaacetic 
acid), 178:7 

DTPA, metal extraction, soils, 178:7 
Dung fauna, ivermectin effects, 171:117 
Dye-sensitized photooxidation, organo- 
phosphate photochemistry, 172:199 



Earthworms, avermectin effects, 171:121, 
123 

EBI (ergosterol biosynthesis inhibiting) 
fungicides, 172:39 

Economic impact, methyl bromide phase- 
out, 177:47 

Ecosystem changes. Gulf of Gdansk, 179: 
1 ff. 

EDTA (See ethylenediaminetetraacetic 
acid), 178:7 

EDTA, metal extraction, soils, 178:7 

Eels, euryhaline, 172:6 

EE (enantiomer fractions), defined, 173: 

88 

Egyptian phosphate rock, fertilizer, 177: 

20 

Electrochemical fluorination, reaction de- 
scribed, 179:100 

Electromagnetic radiation spectrum 
(diag.), 172:130 

Electron transport chain, chlorine effects, 

171:7 

ELISAs (enzyme-linked immunosorbent 
assays), house dust, 175:15 

Emamectin benzoate, environmental me- 
tabolites, 180:17 

Emission comparisons, photochemical 
lamps, 172:143 

Emission spectrometry, house dust con- 
taminant analysis, 175:14 

Enantiomer fractions (EE), defined, 173: 

88 

Enantiomer fractions (EEs), chiral com- 
pounds, 173:102 

Enantiomeric enrichment, chiral pesticides 
in environment, 173:85 ff. 

Enantiomeric enrichment, methodology, 

173:88 

Enantiomeric ratio (ER), defined, 173:86, 

88 

Encapsulated bacteria, chlorine tolerance, 

171:11 

Endocrine disruption, pyrethroids, 176: 
152 

Endocrine modulation, DINP, 172:110 

Endocrine-disrupting agents, house dust 
contaminants, 175:26 

Endocrine-disrupting effects, veterinary 
medicines, 180:73 

Endosulfan, hydrolytic profile, 175:206 
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Ene-type reaction, UV affects nitroaryl 
compounds , 172:162 
Environmental bioavailability, metals in 
soils, 178:9 

Environmental contaminants, vertebrates 
ranked as biomonitors, 176:67 ff. 
Environmental contamination, veterinary 
medicines data, 180:18 ff. 
Environmental effects, hair trace element 
contamination, 175:60 
Environmental effects, perfluoroalkylated 
substances (PEAS), 179:99 ff. 
Environmental fate, methyl bromide fumi- 
gant, 177:45 ff. 

Environmental fate processes, methyl bro- 
mide, 177:58 

Environmental metals risk testing, algae, 

178:23 ff. 

Environmental monitoring, veterinary 
medicines, 180:18 ff. 

Environmental no effect concentration, 
PAHs, 179:83 

Environmental pollutants, vertebrate vul- 
nerability indices, 176:72 
Environmental risk assessment, avermec- 
tins, 171:127 

Enzyme-linked immunosorbent assays 
(ELISAs), house dust analysis, 175: 
15 

EPA pesticide honeybee toxicity groups, 

179:66 

Epicuticular waxes, effects on OP photo- 
degradation, 172:182 
EPN, hydrolytic profile, 175:220 
ER (enantiomeric ratio), defined, 173:86, 
88 

ER, as a tracer tool in environmental stud- 
ies, 173:87 

Ergosterol biosynthesis inhibiting (EBI) 
fungicides, procloraz & penconazole, 

172:39 

Esfenvalerate, abiotic chemical properties, 

174:121 

Esfenvalerate, aerobic aquatic degrada- 
tion, 174:127 

Esfenvalerate, aerobic soil degradation, 
174:123, 126 

Esfenvalerate, Asana®, 174:117 
Esfenvalerate, biotic chemical properties, 

174:123 



Esfenvalerate, chemistry & fate, 176:137 
ff. 

Esfenvalerate, hydrolysis, 174:121 
Esfenvalerate hydrolytic profile, 175:192 
Esfenvalerate, photolysis in water, 174: 
121 

Esfenvalerate, photolysis on soil, 174:122 
Esfenvalerate, physicochemical properties, 
174:52, 117 

Esfenvalerate, physicochemical properties, 
176:138, 140 

Esfenvalerate, uses, 176:141 
Essential elements, plant/animal nutrition, 
defined, 177:2 

Ethametsulfuron methyl, hydrolytic pro- 
file, 175:224 

Ethiofencarb, hydrolytic profile, 175:200 
Ethion, hydrolytic profile, 175:220 
Ethyl parathion, hydrolytic profile, 175: 
208 

Ethylenebiscarbamate, hydrolytic profile, 
175:200 

ETox model, veterinary medicines, 180:7 
Euphausia superba, trace metal concentra- 
tions Southern Ocean, 171:63 
EUROCAT project, marine pollution con- 
trol, 179:30 

Eutrophication, Baltic’s major ecological 
problem, 179:2 

Eutrophication, Gulf of Gdansk, 179: 1 ff. 
Excitatory agents, CBRs, 173:5 
Excitatory agents, mode of action, 173:8 
Excitatory agents, tissue residues, 173:15 
Excited state, photon absorption, defined, 
172:131 

Exposure assessment, diisononyl phthal- 
ate, 172:115 

Exposure assessment models, veterinary 
medicines, 180:8 
EXTOXNET website, 172:48 
Extraction methods, chromium in soil, 

178:62 

Extrapolation, laboratory to field, OP ex- 
posure, 172:39 

Eye infections, Acanthamoeba keratitis, 

180:104 

Famoxadone, hydrolytic profile, 175:204 
EDA action levels, aflatoxins in animal 
feeds, 171:143 
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FDA action levels, aflatoxins in milk, 

171:144 

FDA, aflatoxins feedstuffs surveillance re- 
sults, 171:146 

Feces contamination, veterinary medi- 
cines, 180:22 

Feeding studies, aflatoxin-ammoniation of 
contaminated feeds, 171:160 
Fenitrooxon I 50 S, ChE fish, 172:28 
Fenitrothion, hydrolytic profile, 175:208 
Fenitrothion photoproducts, 172:170 
Fenoxaprop-ethyl, hydrolytic pathway, 
175:93 

Fenoxaprop-ethyl, hydrolytic profile, 175: 
190 

Fenpropathrin, abiotic chemical proper- 
ties, 174:134 

Fenpropathrin, aerobic aquatic degrada- 
tion, 174:138 

Fenpropathrin, aerobic soil degradation, 

174:136 

Fenpropathrin, anaerobic aquatic degrada- 
tion, 174:139 

Fenpropathrin, hydrolysis, 174:134 
Fenpropathrin, hydrolytic profile, 175:192 
Fenpropathrin, photolysis in water, 174: 
134 

Fenpropathrin, photolysis on soil, 174:136 
Fenpropathrin, physicochemical proper- 
ties, 174:52, 125 

Fenpropathrin, soil sorption, 174:129, 132 
Fensulfothion, hydrolytic profile, 175:208 
Fenthion, hydrolytic profile, 175:208 
Fenthion photoproducts, 172:181 
Fenuron, hydrolytic profile, 175:198 
Fenvalerate, bioconcentration factors 
(BCFs), 176:148 

Fenvalerate, biotransformation pathway, 

176:150 

Fenvalerate, chemical structure(s), 176: 
139 

Fenvalerate, chemistry & fate, 176:137 ff. 
Fenvalerate, degradation pathway in soils, 

176:145 

Fenvalerate, fate in aqueous environ- 
ments, 176:144 

Fenvalerate, fate in soils, 176:144 
Fenvalerate, hydrolytic profile, 175:192 
Fenvalerate, metabolic pathway in ani- 
mals, 176:150 



Fenvalerate, photodegradation pathways, 
176:147, 149 

Fenvalerate, photolysis to decarboxyfen- 
valerate, 176:146 

Fenvalerate, physicochemical properties, 
176:138, 140 

Fenvalerate, Pydrin®, 174:117 
Fenvalerate residues, rainbow trout, 173: 
21 

Fenvalerate, sorption to sediments, 176: 
145 

Fenvalerate, synthesis, 176:141, 142 
Fenvalerate, uses, 176:141 
FETAX (Frog embryo teratogenesis 
assay -Xenopus), 172:35 
Field experiments, methyl bromide volatil- 
ization, 177:89 

Fiprole insecticides, defined, 176:2 
Fipronil, acute toxicity, 176:34 
Fipronil, ADI, 176:46 
Fipronil, adverse effects in domestic ani- 
mals, 176:44 

Fipronil, aerobic soil metabolism, 176:15 

Fipronil amide, 176:14 

Fipronil, anaerobic aquatic metabolism, 

176:15 

Fipronil, bioaccumulation, 176:17 
Fipronil, carcinogenicity, 176:35, 45 
Fipronil, chemical structure, 176:6 
Fipronil, chronic toxicity, 176:34 
Fipronil, degradation pathway soil, 176: 

13 

Fipronil, degradation rates soil, 176:15 
Fipronil, degradation routes rice fields, 

176:12 

Fipronil, dermal toxicity, 176:35 

Fipronil desulfinyl, 176:14 

Fipronil desulfinyl, toxic photodegradate, 

176:48 

Fipronil detrifluoromethylsulphinyl, 176: 

14 

Fipronil, developmental toxicity, 176:36 
Fipronil, ecotoxicology, 176:1 ff. 

Fipronil, effects aquatic invertebrates, 
176:24, 25 

Fipronil, effects aquatic organisms, 176: 
23, 25 

Fipronil, effects birds, 176:31 
Fipronil, effects fish, 176:25 
Fipronil, effects lizards, 176:30 
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Fipronil, effects microorganisms, 176:26 
Fipronil, effects plants, 176:26 
Fipronil, effects terrestrial invertebrates, 

176:27 

Fipronil, environmental fate, 176:1 ff., 10 
Fipronil, formulations, 176:7 
Fipronil, genotoxicity, 176:36 
Fipronil, human adverse reactions, 176:44 
Fipronil, human health concerns, 176:1 ff. 
Fipronil, human health concerns, 176:53 
Fipronil hydrolysis, 175:160 
Fipronil, hydrolysis, 176:15 
Fipronil, hydrolysis degradation rates, 
176:16 

Fipronil, hydrolytic profile, 175:232 
Fipronil, insect cross-resistance, 176:3, 52 
Fipronil, insects controlled, 176:8, 9 
Fipronil, IPM compatibility, 176:38, 52 
Fipronil, leaching, adsorption, desorption, 
176:16 

Fipronil, leaf residues over time, 176:21, 
22 

Fipronil, LOCUSTOX study, 176:29, 30, 
38, 40 

Fipronil, LOEL, 176:36 
Fipronil, major degradates common/chem- 
ical names, 176:14 

Fipronil, major degradates with structures, 

176:11 

Fipronil, maximum residue levels in food- 
stuffs, 176:20 

Fipronil, metabolic pathway in rat, 176:18 
Fipronil, metabolism rates, 176:33 
Fipronil, microbial degradation half-lives, 

176:12 

Fipronil, mode of action, 176:3 
Fipronil, mutagenic effects, 176:36 
Fipronil, neurotoxicity, 176:34 
Fipronil, NOEL, 176:36 
Eipronil, noninsecticidal effects agricul- 
ture, 176:42 

Eipronil, persistence/mobility in soil, 176: 
16 

Eipronil, photodegradation, 176:12 
Eipronil, physicochemical properties, 176: 
3, 6 

Eipronil, proprietary names, 176:6, 8 
Eipronil, reproductive effects, 176:36 
Eipronil, residue analysis, 176:21 



Eipronil, residues in drinking water, 176: 
19 

Eipronil, residues in food, 176:19 
Eipronil, risk assessments, 176:52 
Eipronil, soil residues over time, 176:23 
Eipronil, solubility different solvents, 

176:7 

Eipronil, subchronic neurotoxicity, 176:35 
Eipronil, subchronic toxicity, 176:35 
Eipronil sulfide, 176:14 
Eipronil sulfone, 176:14 
Eipronil, termiticide, 176:8 
Eipronil toxicity, birds, 176:32 
Eipronil toxicity comparison, with fi- 
pronil-desulfmyl, 176:37 
Eipronil, usage/application rates, 176:7, 9 
Eipronil, veterinary risks, 176:43 
Eipronil, water half-life, 176:12 
Eish, arsenic effects, 180:144 
Eish bone properties, xenobiotic effects, 
172:1 ff. 

Eish, ChE recovery times OP exposure, 

172:25 

Eish contamination, veterinary medicines, 

180:24 

Eish, monitors of PAH-contaminated sedi- 
ment, 174:12 

Pish, pesticide residues, Gulf of Gdansk, 

179:27 

Pish skeletal system, organochlorine ef- 
fects, 172:15 

Pish skeletal system, organophosphate ef- 
fects, 172:14 

Pish, xenobiotic effects on skeletal sys- 
tem, 172:1 ff. 

Plame retardants, house dust contami- 
nants, 175:27 

Plamprop-isopropyl, hydrolytic profile, 

175:194 

Plamprop-methyl, hydrolytic profile, 175: 
194 

Pluazifop-butyl, hydrolytic profile, 175: 
190 

Plucythrinate, hydrolytic profile, 175:192 
Plumequine, environmental contamina- 
tion, 180:28 

Plumethrin, hydrolytic profile, 175:192 
Plumichlorac pentyl, hydrolytic profile, 

175:204 
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Fluoranthrene (PAH), from coke produc- 
tion, 174:13 

Flupyrsulfuron methyl, hydrolytic profile, 
175:224 

Flupyrsulfuron methyl, sulfonylurea 
bridge contraction, 175:152 
Fluroapatite, phosphate fertilizer, 177:11 
Fluroxypyr, hydrolytic profile, 175:190 
Fluvalinate, hydrolytic profile, 175:192 
Folpet, hydrolytic profile, 175:204 
Fonofos, hydrolytic profile, 175:220 
Food chain, metals accumulation from 
waste disposal on soils, 177:2 
Formamidine insecticides, hydrolysis, 
175:158 

Formulations, fipronil insecticide, 176:7 
Fosmethilan photoproducts, 172:205 
Frazil ice, 171:60 

Freshwater contamination, veterinary med- 
icines, 180:18 

Freundlich adsorption data, pyrethroids, 

174:56 

Frog embryo teratogenesis assay-Xenopus 
(FETAX), 172:35 

Fumigants, mass transfer coefficients 
across plastic films, 177:96, 101 
Fundulus heteroclitus, acellular bone, 

172:10 

Fungi, chromium toxicity, 178:127 

GA (tabun), review summary, 172:71, 76 
GA (tabun), RfDs & UFs, 172:68 
GABA-gated chloride currents, spinosad 
mode of action, 179:40 
GABA-regulated chloride channel, mode 
of action, 176:3 

Gafsa phosphate rock, fertilizer, 177:20 
Gallotia galloti (lizard), good OP expo- 
sure bioindicator, 172:51 
Garlon® (triclopyr), 174:20 
Gas chromatography detectors, methyl 
bromide, 177:55 

Gas chromatography, house dust contami- 
nant analysis, 175:14 
Gas-phase photolysis, organophosphate 
photochemistry, 172:199 
GB (sarin), review summary, 172:72, 76 
GB (sarin), RfDs, & UFs, 172:68 
GD (soman), review summary, 172:72, 76 



GD (soman), RfDs & UFs, 172:68 
Genotoxicity, azaarenes, 173:62 
Genotoxicity, DINP, 172:107 
Genotoxicity, fipronil, 176:36 
Gentamicin, mechanisms of action, 171: 
39 

GIFAP, (International Group of Natl 
Assoc of Mnftrs of Agrochem 
Prods), 177:131 
Glycocalyx, “slime”, 173:137 
Gold miners, arsenic-caused diseases, 
180:136 

Gold mining, arsenic discharges, 180:133 
Gold mining, arsenic soil contamination, 

180:141 

Granulomatous amoebic encephalitis, 
180:104, 111 

Grazon® (triclopyr), 174:20 
Ground state, photon absorption photo- 
chemistry, defined, 172:131 
Groundwater contamination, PFAS, 

PFOS, PFOA, 179:109 
Groundwater contamination, veterinary 
medicines, 180:20, 30 
Groundwater, triclopyr contamination, 
174:38 

Gulf of Gdansk, annual pollutant load, 

179:6 

Gulf of Gdansk, annual precipitation, 

179:8 

Gulf of Gdansk, biomass annual fluctua- 
tions, 179:28 

Gulf of Gdansk, cadmium concentrations, 

179:17 

Gulf of Gdansk, coastal zone climate, 

179:7 

Gulf of Gdansk, copper concentrations, 

179:16 

Gulf of Gdansk, dominant algae groups, 

179:24 

Gulf of Gdansk, ecosystem changes, 179: 
1, 4 

Gulf of Gdansk, eutrophication, 179: 1 ff. 
Gulf of Gdansk, heavy metal pollutants, 
179:14, 18, 19 

Gulf of Gdansk, important ecosystem 
changes, 179:7 

Gulf of Gdansk, lead concentrations, 179: 
16 




188 Cumulative and Comprehensive Subject Matter Index Volumes 171-180 



Gulf of Gdansk, map, 179:5 

Gulf of Gdansk, morphological subunits, 

179:4 

Gulf of Gdansk, most polluted area of 
Baltic, 179:2 

Gulf of Gdansk, nitrate/phosphate fluctua- 
tions, 179:12 

Gulf of Gdansk, PAH annual fluctuations, 

179:29 

Gulf of Gdansk, PCB sediment levels, 

179:22 

Gulf of Gdansk, persistent organic pollut- 
ants, 179:17 

Gulf of Gdansk, pesticide pollutants, 179: 
19, 24, 26 

Gulf of Gdansk, pesticides in fish, 179:27 
Gulf of Gdansk, physical characteristics, 

179:4 

Gulf of Gdansk, phytoplankton pigment 
changes, 179:23, 31 
Gulf of Gdansk, phytoplankton species, 

179:26 

Gulf of Gdansk, seasonal nutrient fluctua- 
tions, 179:12, 14 
Gulf of Gdansk, seasonal oxygen 
changes, 179:11 

Gulf of Gdansk, silicate fluctuations, 179: 
13, 16 

Gulf of Gdansk, surface chlorophyll sea- 
sonal changes, 179:31 
Gulf of Gdansk vv Baltic Sea, compari- 
sons, 179:6 

Gulf of Gdansk, water temperature, 179:8 
Gulf of Gdansk, zinc concentrations, 179: 
17 

Hair color, effect trace element contamina- 
tion, 175:50 

Hair, human, trace element concentra- 
tions, 175:47 ff. 

Hair location, effect trace element contam- 
ination, 175:50 

Hair, trace element contamination, see Hu- 
man hair, 175:47 

Half-life, methyl bromide, 177:59, 60, 61 
Half-life, methyl bromide in soil, 177:104 
Half-life, PFOA/PFOS in humans, 179: 
114 

Half-life, triclopyr in plants, 174:27 



Half-life, triclopyr in soils, 174:23 
Half-lives, fipronil, 176:12 
Half-lives, pesticides aquatic environ- 
ment, 175:190-233 
Half-lives, pesticides in soil, 177:127 
Half-lives, pyrethroids in aerobic aquatic 
systems, 174:66 

Half-lives, pyrethroids in aerobic soil, 

174:64 

Half-lives, pyrethroids in anaerobic water, 

174:65 

Half-lives, triclopyr in waters, 174:42 
Haloxyfop ethotyl, hydrolytic profile, 

175:190 

Hartmanella, previous genus name of 
Acanthamoeba, 180:95 
Hazard assessment, house dust contami- 
nants, 175:7 

a-HCH (hexachlorocyclohexane), chiral 
insecticide, 173:90, 93, 95 
a-HCH, enantiomer structures, 173:92 
y-HCH (lindane), chiral insecticide, 173: 
93 

HCH (technical), world emission, 173:93 
HCH, CAS numbers, 173:107 
HCH, lUPAC chemical name, 173:107 
HCH-a (hexachlorocyclohexane), chiral 
insecticide, 173:90, 93, 95 
HCH-y (hexachlorocyclohexane) lindane, 
chiral insecticide, 173:93 
HD (sulfur mustard), review summary, 
172:74, 78 

HD (sulfur mustard), RfDs & UFs, 172:68 
Health effect, hair trace element contami- 
nation, 175:55 

Heavy metal adsorption, phosphate-in- 
duced, 177:22 

Heavy metal availability in soil-plant sys- 
tem, phosphorus role, 177:1 ff. 

Heavy metal immobilization in soils, phos- 
phorus role, 177:1 ff. 

Heavy metal mobilization in soils, phos- 
phorus role, 177:1 ff. 

Heavy metal pollutants, Gulf of Gdansk, 
179:14, 18, 19 

Heavy metal precipitation in soils, phos- 
phate-induced, 177:24 
Heavy metal precipitation, phosphate lim- 
ing action, 177:27 
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Heavy metals, adsorption/desorption onto 
phosphates, 177:21 

Heavy metals, adsorption in soils, 177:6 
Heavy metals, complexation in soils, 177: 
7 

Heavy metals, defined, 177:1 
Heavy metals, fractionation categories in 
soils, 177:8 

Heavy metals, house dust contaminants, 
175:28, 30 

Heavy metals in soils, anthropogenic pro- 
cesses, 177:4 

Heavy metals in soils, pedogenic pro- 
cesses, 177:4 

Heavy metals in soils, sources (table), 

177:3 

Heavy metals, mode of action, 173:8 
Heavy metals, precipitation in soils, 177:8 
Heavy metals, reactions in soils (dia- 
gram), 177:5 

Heavy metals, soil immobilization by 
phosphate compounds, 177:12, 13 
Heavy metals, soil immobilization by wa- 
ter-soluble/insoluble phosphates, 

177:16 

Heavy metals, soil mobilization by phos- 
phate compounds, 177:12, 13 
Heavy metals, soil mobilization by water- 
soluble/insoluble phosphates, 177:14 
Heavy metals, solid-phase speciation, 
177:8 

Heavy metals, sources in soil environ- 
ment, 177:4 

Helsinki Commission Baltic Monitoring 
Programme, 179:2 

Henry’s law constant, methyl bromide, 
177:68, 69 

Henry’s law constants, pyrethroids, 174: 
52, 54 

Henry’s law constants, soil fumigants, 

177:107 

Heptachlor exo-epoxide, CAS number, 
173:107 

Heptachlor exo-epoxide, chiral insecti- 
cide, 173:90, 99, 104 
Heptachlor exo-epoxide, enantiomer struc- 
tures, 173:92 

Heptachlor exo-epoxide, lUPAC chemical 
name, 173:107 



Heptachlor, hydrolytic profile, 175:206 
Heraeus Suntest, photochemical reactor 
described, 172:145 

Herbicides, aryloxyalkanoate hydrolysis, 

175:91 

Herbicides, leaching indices, 174:33 
Hexachlorobenzene, vertebrate effects, 

176:74 

Hexachlorocyclohexane (a-HCH), chiral 
insecticide, 173:90, 93, 95 
Hexachlorocyclohexane (HCH), nine ste- 
reoisomers, 173:93 

Hexachlorocyclohexane (HCH), seven 
mesoforms, 173:93 
High volume small surface sampler, 
house dust, 175:9 
HN2, RfDs & UFs, 172:68 
HOMO-LUMO gap energies, PAHs, 173: 
59 

Honeybee larvae, spinosad toxicity, 179: 
53, 59 

Honeybee pesticide toxicity groups, EPA- 
defined, 179:66 

Honeybee, spinosad foraging toxicity, 

179:45 

Honeybee, spinosad toxicity, 179:42 
Horizontal flux method, methyl bromide 
volatilization, 177:88 
Hormidium rivulare, Cu toxicity testing, 

178:29 

House dust, air concentration calculations, 

175:9 

House dust, as exposure marker, 175:4 
House dust, composition & properties, 

175:3 

House dust, contaminant analytical meth- 
ods, 175:13 

House dust, contaminants hazard assess- 
ment, 175:7 

House dust, dioxin contaminants, 175:27 
House dust, endocrine-disrupting agent 
contaminants, 175:26 
House dust, EPA contaminant guidelines, 

175:32 

House dust, EPA definition, 175:3 
House dust, flame retardant contaminants, 

175:27 

House dust, heavy metal contaminants, 
175:28, 30 
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House dust, indoor pollutants, 175:1 ff. 
House dust, ingestion with food, 175:6 
House dust, lead-contaminated, 175:8 
House dust, mean surface deposits, 175:4 
House dust, organophosphate pesticide 
contamination, 175:8, 16 
House dust, organotin concentrations, 
175:27 

House dust, particle-size distribution, 

175:5 

House dust, PCDF contaminants, 175:27 
House dust, pollutant sources, 175:15 
House dust, pollutants contained, 175:1 ff 
House dust, quantity inhaled, 175:5 
House dust, sample preparation, 175:13 
House dust, sampling methods, 175:9 
House dust, seasonal deposits, 175:4 
House dust, skin absorption, 175:6 
House dust, suspended air concentrations, 
175:6 

House dust, trace element contaminants, 
175:28, 30 

House dust, xenobiotic benchmark concen- 
trations, 175:33 
HT, RfDs & UFs, 172:68 
Human adverse reactions, fipronil, 176:44 
Human exposure, diisononyl phthalate, 
172:111 

Human hair, age effect trace element con- 
tamination, 175:52 

Human hair, air pollution effect trace ele- 
ment contamination, 175:61 
Human hair, analytical methods trace ele- 
ments, 175:63, 65 

Human hair, as trace element exposure in- 
dicator, 175:49 

Human hair, biological factors, 175:49 
Human hair, cosmetic use effect trace ele- 
ment contamination, 175:59 
Human hair, diet effect trace element con- 
tamination, 175:54 

Human hair, digestion trace element analy- 
sis, 175:64 

Human hair, environmental effects trace 
element contamination, 175:61 
Human hair, health effect trace element 
contamination, 175:55 
Human hair, nationality effect trace ele- 
ment contamination, 175:60 



Human hair, occupation effect trace ele- 
ment contamination, 175:57 
Human hair, race effect trace element con- 
tamination, 175:60 

Human hair, sample preparation trace ele- 
ment contamination, 175:63 
Human hair, sex effect trace element con- 
tamination, 175:53 

Human hair, trace element concentrations, 
175:47 ff 

Human hair, trace element contamination 
sources, 175:48 

Human hair, trace element exposure indi- 
cator, 175:49 

Human hair, trace element, location on 
body, 175:50 

Human health, arsenic effects, 180:152 
Human health, proposed arsenic criteria, 

180:155 

Human poisoning, arsenic, 180:154 
Human toxicity, methyl bromide, 177:50 
Human toxicity, PFOA, PFOS, 179:114 
Humic substances, photosensitizing ef- 
fects water, 172:197 

Hydrogen sulfide. Gulf of Gdansk levels, 

179:4 

Hydrolysis, bifenthrin, 174:71 
Hydrolysis, cyfluthrin, 174:77, 79 
Hydrolysis, cypermethrin, 174:87, 90 
Hydrolysis, deltamethrin, 174:104, 108 
Hydrolysis, esfen valerate, 174:121 
Hydrolysis, fenpropathrin, 174:134 
Hydrolysis half-lives, pyrethroids, 174:52 
Hydrolysis, lambda-cyhalothrin, 174:142 
Hydrolysis, methyl bromide in water, 
177:59 

Hydrolysis, permethrin, 174:154, 160 
Hydrolysis, pesticide waste disposal, 177: 
150 

Hydrolysis, pyrethroids, 174:60 
Hydrolysis, tralomethrin, 174:109 
Hydrolysis, triclopyr products, 174:21 
Hydroxy apatite, phosphate fertilizer, 

177:11 

Hydroxyapatite, bone component, 172:11 
Hypochlorous acid, catalyzed by myelop- 
eroxidase, 171:4 

Hypochlorous acid, chlorine gas added to 
water, 171:4 
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Imidacloprid hydrolysis, 175:159 
Imidacloprid, hydrolytic profile, 175:232 
Imiprothrin, hydrolytic profile, 175:192 
Impurities in electrochemical production 
of POSF, 179:101 

Incineration, pesticide contaminated soils, 

177:163 

Incineration, pesticide disposal method, 

177:136 

Incineration, pesticide plastic & paper 
packaging, 177:143 
Indeno[l,2,3-C(i]pyrene, PAH, 179:75 
Indoor air, house dust pollution, 175:1 ff. 
Indoor pollutants, boiling point range (ta- 
ble), 175:2 

Indoor pollutants, classification (table), 

175:2 

Indoor pollutants, house dust, 175:1 ff. 
Indoor residence times, 175:1 ff. 

Inorganic metals, tissue residues, 173:23 
Insect resistance, fipronil, 176:3, 52 
Insecticide formulations, fipronil, 176:7 
Insecticides, house dust quantities, 175:19 
Integrated pest management (IPM), fi- 
pronil compatibility, 176:38 
International Group of Natl Assoc of Mnf- 
trs of Agrochem Prods (GIFAP), 
177:131 

International Union of Pure and Applied 
Chemistry, (lUPAC), 177:125 
Interspecific differences, algal toxicant 
sensitivity, 178:35 

Intraspecies variability, algal toxicant sen- 
sitivity, 178:36 

Invertebrates, metal bioavailability in 
soils, 178:10, 11 

Invertebrates, PAH toxicity, 179:78 
Iodine number, fruit cuticle parathion pho- 
tochemical half-life, 172:165 
lodofenphos photoproducts, 172:176 
IPM, fipronil compatibility, 176:38, 52 
Iprodione, hydrolytic profile, 175:204 
Iron concentrations, Antarctic fish, 171: 

53 ff., 171:63 

Iron, effects on chromium oxidation, 178: 
98 

Iron fixation in soils, 178:6 

Iron, occupational hair levels, 175:58 

Iron transformation in soils, 178:4 



Irradiation methods, photochemistry, 172: 
144 

Irreversible reduction, Cr(VI) to Cr(III), 

178:78 

ISO, International Organization for Stan- 
dardization, 178:34 

Isofenphos, hydrolytic profile, 175:220 
Isofenphos photoproducts, 172:214 
Isoniazid, mechanisms of action, 171:39 
Isoquinoline, microbial degradation path- 
way, 173:44 

Isoquinoline, toxicity, 173:42 
Isoxaben, acid hydrolysis pathway, 175: 
104 

Isoxaben, hydrolytic profile, 175:196 
Isoxaflutole, hydrolysis pathway, 175:162 
Isoxaflutole, hydrolytic profile, 175:232 
lUPAC (International Union of Pure and 
Applied Chemistry), 177:125 
lUPAC chemical names, chiral pesticides, 
173:107 

Ivermectin (22,223-dihydroavermectin 
Bi), synthetic avermectin Bi, 171: 
112 

Ivermectin, binding in aquatic systems, 

171:115 

Ivermectin, dung fauna effects, 171:117 
Ivermectin, environmental contamination, 

180:28 

Ivermectin, livestock pests effects, 171: 
117 

Ivermectin, soil/dung concentrations, 171: 
114 

Ivermectin, soil half-life, 171:114, 118 

K-Othrin®, deltamethrin, 174:95 
Kanamycin resistant bacteria, 171:21, 23 
Ki (adsorption coefficient), methyl bro- 
mide, 177:68 

Ki (Partition coefficients), metals in soils, 

178:15 

Kepone-induced fish skeletal anomalies, 

172:13 

Ki,, pyrethroids, 174:52, 54 
Kinetic analyses, pyrethroids, 174:58 
Kinetics, pesticide hydrolysis, 175:81 
Kiwifruit flowers, spinosad honeybee tox- 
icity, 179:47 
Koc, pyrethroids, 174:52 
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azaarenes related to baseline toxicity, 

173:48 

pyrethroids, 174:52 
How, pyrethroids, 174:52 
KPEG, see potassium polyethylene glycol 
ether, 177:140 

Kresoxim-methyl, hydrolytic profile, 175: 
232 

Krill, high fluorine content, 171:62 
Krs, pyrethroids, 174:55 

L (Lewisite), review summary, 172:75, 

78 

Lambda-cyhalothrin, abiotic chemical 
properties, 174:142 

Lambda-cyhalothrin, aerobic aquatic deg- 
radation, 174:149, 150 
Lambda-cyhalothrin, aerobic soil degrada- 
tion, 174:148, 149 

Lambda-cyhalothrin, biotic chemical prop- 
erties, 174:148 

Lambda-cyhalothrin, hydrolysis, 174:142 
Lambda-cyhalothrin, photolysis in water, 
174:142, 147 

Lambda-cyhalothrin, photolysis on soil, 
174:146, 148 

Lambda-cyhalothrin, physicochemical 
properties, 174:52, 139 
Lambda-cyhalothrin, soil sorption, 174: 
143, 145 

Landfarming, pesticide contaminated soil 
cleanup, 177:169 

Lead concentrations, Antarctic fish, 171: 
53 ff„ 63 

Lead, EPA house dust contaminant guide- 
lines, 175:32 

Lead fixation in soils, 178:5 
Lead, house dust concentrations, 175:29 
Lead, occupational hair levels, 175:58 
Lead shot, vertebrate biomonitor effects, 
176:103, 105, 106, 109, 111 
Lead, soil contaminant sources, 177:3 
Lead-based paint, house dust lead source, 
175:16 

Lead-phosphate interactions, soils, 177:26 
Leaded gasoline, atmospheric methyl bro- 
mide source, 177:53 
Leather tanning with chromium, de- 
scribed, 178:54 



Legionella pneumophila, Acanthamoeba 
interactions, 180:114 
Legionellae survival, different lab condi- 
tions, 171:16 

Leptophos, hydrolytic profile, 175:220 
Lewisite (L), review summary, 172:75, 

78 

Lewisite, environmental fate, 172:79 
Lewisite, RfDs & UEs, 172:68 
Lichens, Antarctic biomonitors, 171:55 
Lichens, baseline trace metal levels Ant- 
arctica, 171:87, 92 

Light, effect in algal toxicity testing, 178: 
33 

Light sources, photochemical reactions, 

172:141 

Liming action of phosphate, heavy metal 
precipitation, 177:27 

Liming, increases metal retention in soils, 

177:8 

Lindane (y-HCH), chiral insecticide, 173: 
93 

Lindane, house dust concentrations, 175: 
19 

Linuron, hydrolytic profile, 175:198 
Livestock medicines, environmental path- 
ways, 180:14 

Lizard (Gallotia galloti), good OP expo- 
sure bioindicator, 172:51 
Lizards, parathion-exposed BChE/CbE ac- 
tivity, 172:43 

LOCUSTOX study, fipronil, 176:29, 30, 
38, 40 

LOEC50 values, PEAS, PFOS, aquatic or- 
ganisms, 179:112 
LOEL, fipronil, 176:36 
LOELs, matemal/developmental DINP, 
172:104 

Malaoxon I 50 S, ChE fish, 172:28 
Malathion, hydrolysis pathways, 175:139 
Malathion I 50 S, ChE fish, 172:28 
Malathion photoproducts, 172:200 
Mammalian toxicity, avermectins, 171: 
126 

Manganese (II) oxidation to Mn(IV), mi- 
crobial, 178:122 

Manganese (II) oxidizing microbes, list, 

178:123 
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Manganese concentrations, Antarctic fish, 
171:53 ff., 63 

Manganese effects on chromium oxida- 
tion, 178:99 

Manganese fixation in soils, 178:6 
Manganese, house dust concentrations, 

175:29 

Manganese, occupational hair levels, 175: 
58 

Manganese oxidation, microbial mecha- 
nism, 178:123 

Manganese oxides formed by microbes, 

178:124 

Manganese, soil contaminant sources, 

177:3 

MAR (multiple-antibiotic-resistant) bacte- 
ria, 171:19 

MAR-bacteria selection, wastewater chlo- 
rination, 171:22 

Marine fish, arsenic effects, 180:145 
Marine invertebrates, arsenic effects, 180: 
145 

Marine mammals, mercury bioaccumula- 
tion, 171:69 

Marine mammals, trace metal concentra- 
tions, 171:72 

Marine phytoplankton pigment shifts, 
179:23, 31 

Marine plants, arsenic effects, 180:144 
Marine turtles, xenobiotic bioindicators, 

172:34 

Mass spectrometry, house dust contami- 
nant analysis, 175:14 
Maximum residue levels foodstuffs, fi- 
pronil, 176:20 

MDPA (chlorodihydroxy pyridinyloxya- 
cetic acid), triclopyr photoproduct, 

174:24 

MeBr (methyl bromide), 177:46 
Mechanisms of action, antibiotics in bacte- 
ria, 171:39 

Mechanisms of damage to bacteria, UV 
light, 171:29 

Mechanisms of resistance (bacterial) to an- 
tibiotics, 171:40 

Mecoprop, CAS number, 173:107 
Mecoprop, chiral herbicide, 173:90, 94, 

96 

Mecoprop, enantiomer structures, 173:92 



Mecoprop, lUPAC chemical name, 173: 
107 

Medicines veterinary, environmental con- 
taminants, 180:1 ff. 

Membrane permeability, chlorine effects, 

171:6 

Mephospholan photoproducts, 172:213 
Mercury arc, high-pressure bayonet, de- 
scribed, 172:145, 146 
Mercury, bioaccumulation in pelagic sea- 
birds/marine mammals, 171:69 
Mercury, concentrations Antarctic fish, 
171:53 ff., 63 

Mercury, feather concentrations seabirds 
Southern/Northern hemispheres, 171: 
70 

Mercury, house dust concentrations, 175: 
30 

Mercury, human hair concentrations, 175: 
59 

Mercury pollution, Minamata Bay 
(Japan), 174:9 

Mercury, soil contaminant sources, 177:3 
Mercury, transfer to birds/seals breeding 
in Antarctica, 171:77 
Mercury, vertebrate biomonitor effects, 
176:96, 98, 101, 102 
Metabolic pathway, fenvalerate in ani- 
mals, 176:150 

Metabolic pathway, fipronil in rat, 176:18 
Metal aging in soils, 178: 1 ff. 

Metal aging, natural soils, 178:6 
Metal availability in soils, aging effects, 

178:1 ff. 

Metal cations, complexation affinity by or- 
ganic matter (diagram), 177:7 
Metal deposition biomonitoring, Antarctic 
stations, 171:91 

Metal extraction from soils, 178:6 
Metal phosphate compounds, water solu- 
bility, 177:25 

Metal phosphate precipitation, primary P- 
induced immobilization, 177:8 
Metal phosphates, soil precipitates, 177:24 
Metal sorption/desorption, soils, 178:3 
Metal-contaminated soils, risk assessment, 
178:1 ff. 

Metal-organic complex formation, factors 
affecting, 177:7 
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Metalaxyl, hydrolytic profile, 175:194 
Metalloids, defined, 177:2 
Metals, environmental availability, de- 
fined, 178:1 

Metals, environmental bioavailability, de- 
fined, 178:1 

Metals, toxicological bioavailability, de- 
fined, 178:1 

Metam sodium, methyl bromide replace- 
ment, 177:107 

Methamidophos, hydrolysis pathways, 

175:140 

Methane-consuming bacteria, rusticle 
component, 173:135 
Methidathion photoproducts, 172:206 
Methidathion, sublethal AChE inhibition 
aquatic organisms, 172:47 
Methodology, enantiomeric enrichment, 
173:88 

Methomyl, hydrolytic profile, 175:200 
Methoxychlor, house dust concentrations, 

175:19 

Methoxychlor, hydrolysis pathways, 175: 
126 

Methoxychlor, hydrolytic profile, 175:206 
Methyl bromide (MeBr), 177:46 
Methyl bromide, adsorption coefficient, 

177:68 

Methyl bromide, air sampling & analysis, 
177:54, 55 

Methyl bromide, air sampling adsorbents, 

177:56 

Methyl bromide, air sampling containers, 

177:56 

Methyl bromide, application depth effect, 

177:100 

Methyl bromide, atmospheric oceanic 
emissions, 177:53 

Methyl bromide, bacterial biodegradation, 

177:61 

Methyl bromide, chemical alternatives, 

177:47 

Methyl bromide, chloropicrin warning 
agent, 177:49 

Methyl bromide, containment to minimize 
volatilization, 177:94 
Methyl bromide, degradation rate effect 
on emissions, 177:104 
Methyl bromide, degraded to bromine ion 
in soil, 177:82 



Methyl bromide, developing alternatives, 

177:106 

Methyl bromide, diffusion in air, 177:78 
Methyl bromide, diffusion in soils, 177: 

77 

Methyl bromide, effective soil diffusion 
coefficient, 177:75 

Methyl bromide, effects of organic matter 
on hydrolysis, 177:60 
Methyl bromide, elimination economic im- 
pact, 177:47 

Methyl bromide, enhancing soil transfor- 
mation rates, 177:62 

Methyl bromide, environmental concerns, 

177:46 

Methyl bromide, environmental fate, 177: 
45 ff. 

Methyl bromide, environmental transfor- 
mation, 177:58 

Methyl bromide, estimating total loss 
from soil, 177:81 

Methyl bromide, fumigation application 
methods, 177:51 

Methyl bromide, fumigation Br residues 
in soils/plants, 177:62, 64 
Methyl bromide, fumigation soil bulk den- 
sity effect, 177:103 

Methyl bromide, fumigation soil water 
content effect, 177:102 
Methyl bromide, fumigation tarp cover- 
ings, 177:51 

Methyl bromide, fumigation uses, 177:48, 
50 

Methyl bromide, gas chromatography de- 
tectors, 177:55 

Methyl bromide, global usage (budget), 

177:47 

Methyl bromide, human toxicity, 177:50 
Methyl bromide, hydrolysis in soil, 177: 
60 

Methyl bromide, hydrolysis water effects, 

177:59 

Methyl bromide, injection depth & use of 
plastic film effects, 177:99, 101 
Methyl bromide, known atmospheric 
sources, 177:53 

Methyl bromide, methods for minimizing 
volatilization, 177:94 
Methyl bromide, mobility indices, 177: 

73 
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Methyl bromide, natural atmospheric re- 
moval, 177:53 

Methyl bromide, ozone depletion poten- 
tial, 177:46, 52 

Methyl bromide, phase partitioning, 177: 

68 

Methyl bromide phase-out, economic con- 
cerns, 177:47 

Methyl bromide phase-out, major crop 
loss estimates, 177:48 
Methyl bromide phase-out, Montreal Pro- 
tocol agreement, 177:50 
Methyl bromide, photohydrolysis, 177:60 
Methyl bromide, physical/chemical prop- 
erties, 177:49 

Methyl bromide, phytotoxicity, 177:66 
Methyl bromide, plastic film barriers, 

177:95 

Methyl bromide, production by growing 
plants, 177:67 

Methyl bromide, reactions with ozone, 

177:52 

Methyl bromide, replacement fumigants, 

177:107 

Methyl bromide, simulated environmental 
fate, 177:70 

Methyl bromide, soil fumigant history, 

177:50 

Methyl bromide, soil gas distribution after 
injection, 177:78 

Methyl bromide, soil gas partitioning, 

177:79 

Methyl bromide, soil half-life, 177:104 
Methyl bromide, solubility vs tempera- 
ture, 177:69 

Methyl bromide, transport in dry soils, 

177:74 

Methyl bromide, transport model, 177:70 
Methyl bromide, vapor pressure vs tem- 
perature, 177:69 

Methyl bromide, volatilization aerody- 
namic method, 177:85 
Methyl bromide, volatilization boundary 
condition, 177:71 

Methyl bromide, volatilization chamber 
methods, 177:83 

Methyl bromide, volatilization experi- 
ments & mass balance, 177:90 
Methyl bromide, volatilization field exper- 
iments, 177:89 



Methyl bromide, volatilization from soil, 

177:81 

Methyl bromide, volatilization horizontal 
flux method, 177:88 

Methyl bromide, volatilization micromete- 
orological methods, 177:85 
Methyl bromide, volatilization theoretical 
profile shape method, 177:86 
Methyl bromide, volatilization trajectory 
simulation, 177:87 

Methyl isothiocyanate (MITC), methyl 
bromide replacement, 177:107 
Methyl mercury, mercury source in Ant- 
arctic seabirds/marine mammals, 

171:69 

Methyl paraoxon I 50 S, ChE fish, 172:28 
Methyl parathion, hydrolytic profile, 175: 
208 

Methyl parathion, sublethal AChE inhibi- 
tion aquatic organisms, 172:46 
Methylene blue, photooxidation organo- 
phosphates, 172:174 
Melhylococcus sp., methyl bromide bio- 
degradation, 177:61 

Melhylomonas sp., methyl bromide bio- 
degradation, 177:61 
Metolachlor, acid hydrolysis pathway, 

175:102 

Metolachlor, hydrolytic profile, 175:194 
Metsulfuron methyl, hydrolytic profile, 

175:224 

Mevinphos, hydrolysis pathways, 175:135 
Mevinphos, hydrolytic profile, 175:212 
Mexacarbate, hydrolytic profile, 175:200 
MFO (mixed-function oxidase), amphibi- 
ans/reptiles, 172:35 
Micelles, abiotic pesticide hydrolysis, 
175:89 

Microbial consortial events, deep sea rus- 
ticles, 173:117 ff. 

Microbial consortium, defined, 173:122 
Microbial degradation, azaarenes more 
than three aromatic rings, 173:46 
Microbial degradation pathway, isoquino- 
line, 173:44 

Microbial degradation pathway, quinoline, 

173:43 

Microbial oxidation, Mn(II) to Mn(IV), 
178:122 

Microbial reduction, Cr(VI), 178:106 
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Microcystis aeruginosa (alga), toxicity 
testing, 178:34 

Micrometeorological methods, methyl bro- 
mide volatilization, 177:85 
Microorganisms, aging metal soil bioavail- 
ability, 178:13 

Microorganisms, capable of oxidizing 
manganese, 178:123 
Microorganisms, capable of reducing 
Cr(VI), list, 178:106 
Microorganisms, PAH toxicity, 179:76 
Microorganisms, tolerance to Cr(VI), 
178:103 

Milk, aflatoxins FDA action levels, 171: 
144 

Minamata Bay (Japan), mercury pollu- 
tion, 174:9 

Mirror image structures, chiral com- 
pounds, 173:92 

Mixed-function oxidase (MFO), amphibi- 
ans/reptiles, 172:35 

y-MnOOH, oxidation rate of Cr(III), 178: 
102 

Mobam, hydrolytic profile, 175:200 
Mobility indices, methyl bromide, 177:73 
Mode of action, avermectins, 171:112 
Mode of action, DINP, 172:109 
Mode of action, fipronil, 176:3 
Mode of action, organophosphate insecti- 
cides, 172:150 

Mode of action, spinosad insects, 179:39 
Mode of action, triclopyr herbicide, 174: 
20 

Modes of action, chemical classes, 173:5, 

8 

Modes of action, narcotic chemicals, 173: 
3, 5 

Molecular weights, pyrethroids, 174:52 
Mollusks, trace metal monitors Southern 
Ocean, 171:74, 75 

Molybdenum, house dust concentrations, 

175:30 

Molybdenum, soil contaminant sources, 

177:3 

Monocrotophos, hydrolytic profile, 175: 
212 

Montreal Protocol, methyl bromide phase- 
out agreement, 177:50 
Monuron, hydrolytic profile, 175:198 



Mosses, biomonitors atmospheric metals, 
171:90, 92 

Mosses, elemental composition Antartica, 
171:89, 92 

Multihit disinfectant, chlorine, 171:5 
Multiple-antibiotic-resistant (MAR) bacte- 
ria, 171:19 

Mussel Watch program, described, 172:23 
Mussels, as bioindicators water pollution, 

172:23 

Mutagenic potentials, aflatoxin-contami- 
nated feeds, 171:167 
Mutagenicity, benzacridines, 173:65 
Mutagenicity, benzoquinolines &. metabo- 
lites, 173:64, 65 

Mutagenicity, dibenzacridines, 173:66 
Mutagenicity, DINP, 172:107 
Mutagenicity, fipronil, 176:36 
Mutagenicity, quinoline, 173:63 
Mutation assay methods, DINP, 172:107 
Mutatox™, azaarene genotoxicity tests, 
173:62, 64 

Mycorrhizal fungi, chromium toxicity, 

178:127 

Mycorrhizal rhizosphere, effects on metal 
tolerance in plants, 177:31 
Mycorrihizal fungi colonization of plant 
roots, rhizosphere microflora, 177:33 
Myeloperoxidase, catalysis to hypochlo- 
rous acid, 171:4 

N-heterocyclic PAHs, 173:40 
Naled, hydrolytic profile, 175:212 
Naptalam, hydrolytic profile, 175:196 
Napthalene, PAH, 179:75 
Narcotic chemicals, 173:7 ff. 

Narcotic chemicals, modes of action, 173:3 
Narcotic chemicals, polar/nonpolar, 173:3 
Narcotics, CBRs, 173:5 
Narcotics, mode of action, 173:8 
National Registration Authority, Austra- 
lia, 177:129 

National Research Council (NRC) Re- 
view, chem warfare agents, 172:71 
Nationality effect, hair trace element con- 
tam, 175:60 

Natural soils, metal aging, 178:6 
Navicula pelliculosa (alga), toxicity test- 
ing, 178:34 
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Neburon, hydrolytic profile, 175:198 
Neuropathy target esterase, described, 

172:150 

Neurotoxicity, fipronil, 176:34, 35 
Nickel concentrations, Antarctic fish, 171: 
53 ff„ 63 

Nickel, occupational hair levels, 175:58 
Nickel, soil contaminant sources, 177:3 
Nickle fixation in soils, 178:6 
Niclosamide, hydrolytic profile, 175:196 
Nicosulfuron, hydrolytic profile, 175:224 
Nicotinic receptors, spinosad mode of ac- 
tion, 179:40 

Nitrification, Cr(III) inhibitory effects in 
soil, 178:139 

Nitrifying bacteria, methyl bromide bio- 
degradation, 177:61 

Nitroaryl compounds, UV reaction to ni- 
trosoaryl derivatives, 172:162 
Nitrosococcus sp., methyl bromide biodeg- 
radation, 177:61 

Nitrosolobus sp., methyl bromide biodeg- 
radation, 177:61 

Nitrosomonas sp., methyl bromide biodeg- 
radation, 177:61 

Nitszchia closterium (marine diatom), 

Cu & Zn tests, 178:28 
Nitzschia sp. (alga), toxicity tests, 178:34 
NOEL, fipronil, 176:36 
NOELs, maternal/developmental DINP, 
172:104 

Non-target insects, avermectin effects, 

171:116 

Nonessential elements, plant/animal nutri- 
tion defined, 177:2 
Nontarget toxicity, spinosad, 179:40 
Notothenioids, Antarctic biomonitors, 

171:54 

NRC (National Research Council) Re- 
view, chemical warfare agents, 172: 
71 

NRC Recommendations, chemical war- 
fare agents Army evaluation, 172:76 
Nuclear waste, steel drum deterioration 
on ocean floor, 173:134 
Nucleophiles, methyl bromide hydrolysis, 
177:59 

Nutrients, effect in algal toxicity tests, 

178:31 



Obesity effect, hair trace element contam, 

175:58 

Obsolete pesticide stocks, lUPAC dis- 
posal recommendations, 177:180 
Obsolete pesticides, bulk disposal meth- 
ods, 177:135 

Occupation effect, hair trace element con- 
tamination, 175:55 

Occupational exposure, diisononyl phthal- 
ate, 172:111 

Octanol-water partition coefficients (A'„„), 
pyrethroids, 174:52, 53 
OECD (See Organization for Economic 
Cooperation & Develop), 178:8 
OECD, Organization for Economic Coop- 
eration & Develop, 178:34 
OECD standard artificial soils, 178:8 
OP acute toxicity in fish, reasons for dif- 
ferences, 172:32 

OP concentrations, ChE LoS various wild- 
life (table), 172:28 

OP exposure, biomonitoring aquatic envi- 
ronments, 172:42 
OP photochemistry, 172:129 ff. 

OP potentiation by ergosterol biosynthesis 
inhibit (EBI) fungicides, birds, 172: 
39 

OP potentiation, carbamate (carbaryl), 

172:39 

OPs (organophosphates), photochemistry, 

172:129 ff. 

OPs, photochemical absorption coeffi- 
cients (table), 172:149 
OPs, sublethal AChE inhibition aquatic or- 
ganisms, 172:47 

Oral reference doses (RfDs), chemical 
warfare agents, 172:65 ff. 

Organic chemicals, abbreviations, 172: 

119 

Organic matter, effects on methyl bro- 
mide hydrolysis, 177:60 
Organochlorine insecticides, house dust 
concentrations, 175:18 
Organochlorine insecticides, hydrolysis 
mechanisms, 175:124 
Organochlorine insecticides, structures & 
hydrolytic profiles, 175:206 
Organochlorine insecticides, vertebrate ef- 
fects, 176:74 
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Organochlorine residues, fish, 179:27 
Organochlorine-induced effects in fish 
skeleton, 172:15 

Organometallic chemicals, tissue residues, 

173:25 

Organometals, mode of action, 173:8 
Organophosphate insecticides, AChE inhi- 
bition, 172:2 

Organophosphate insecticides, CAS num- 
bers, 172:215 

Organophosphate insecticides, chemical 
names, 172:215 

Organophosphate insecticides, common 
names, 172:215 

Organophosphate insecticides, history, 

172:148 

Organophosphate insecticides, house dust 
contamination, 175:8, 16 
Organophosphate insecticides, mode of ac- 
tion, 172:150 

Organophosphate nerve agents, air expo- 
sure limits, 172:66 

Organophosphate pesticides, nervous sys- 
tem effects, 172:2 

Organophosphate-induced effects in fish 
skeleton, 172:14 

Organophosphates, hydrolytic half-lives, 

172:151 

Organophosphates, photochemical absorp- 
tion coefficients (table), 172:149 
Organophosphorus (OP) insecticides, 
wildlife exposure, 172:21 ff. 
Organophosphorus ester pesticides, hydro- 
lysis mechanisms, 175:127 
Organophosphorus esters, acid and alka- 
line hydrolysis mechanisms, 175:128 
Organophosphorus insecticides, catalytic 
hydrolysis, 175:182 
Organophosphorus insecticides, history, 
172:148 

Organophosphorus insecticides photo- 
chemistry, 172:129 ff. 
Organophosphorus insecticides, struc- 
tures & hydrolytic profiles, 175:208 
Organotin compounds, house dust concen- 
trations, 175:27 

Oxamic acid, triclopyr photoproduct, 174: 
24 

Oxamyl, hydrolytic profile, 175:200 



Oxazoline, alkaline hydrolysis pathway, 

175:106 

Oxidation, chromium (III) to (VI), 178:71 
Oxidation, pesticide waste disposal, 177: 
152 

Oxime ether herbicides, hydrolysis kinet- 
ics mechanisms, 175:153 
Oxime ether herbicides, structures & hy- 
drolytic profiles, 175:228 
Oxime A-alkylcarbamate hydrolysis, 175: 
114 

Oxolinic acid, wild fish contamination, 

180:26 

Oxycarboxin, hydrolytic profile, 175:196 
Oxycarboxin, surface-catalyzed hydroly- 
sis, 175:169 

Oxychlordane, CAS number, 173:107 
Oxychlordane, chiral insecticide, 173:90, 
100, 104 

Oxychlordane, enantiomer structures, 

173:92 

Oxychlordane, lUPAC chemical name, 

173:107 

Oxydemeton-methyl, hydrolytic profile, 
175:212 

Oxytetracycline, marine fish contamina- 
tion, 180:26 

Ozonation, pesticide waste disposal, 177: 
152, 154 

Ozone “hole” discovery, Antarctica, 171: 
54 

Ozone Assessment Synthesis Panel 
(U.N.), 177:46 

Ozone breakdown efficiency, bromine vs 
chlorine, 177:47 

Ozone depletion, chlorinated compounds, 

177:46 

Ozone depletion, methyl bromide, 177: 

52 

Ozone depletion potential index, 177:46 
Ozone depletion potential, methyl bro- 
mide, 177:46 

PAH (see also Polycyclic Aromatic Hy- 
drocarbons), 179:73 ff. 

PAH, chemical reaction in water column 
(diagram), 173:55 

PAH contamination, coke production by- 
product, 174:12 
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PAH ecotoxicity data for soil quality crite- 
ria, 179:73 ff. 

PAH soil concentrations, Denmark, 179: 
89 

PAH toxicity, species sensitivity distribu- 
tion method , 179:85 
PAH-sediment remediation. Black River, 

174:12 

PAHs (polycyclic aromatic hydrocar- 
bons), 173:40 

PAHs (polycyclic aromatic hydrocar- 
bons), 174:12 

PAHs, (Polycyclic Aromatic Hydrocar- 
bons), ecotoxicity data, 179:73 ff. 
PAHs (see also Polycyclic Aromatic Hy- 
drocarbons), 179:73 ff 
PAHs, biotransformation and metabolism, 
173:41 

PAHs, from coke production, 174:13 
PAHs, HOMO-LUMO gap energies, 173: 
59 

PAHs, house dust contaminants, 175:13, 
24 

PAHs, levels Gulf of Gdansk, 179:29 
PAHs, list of those tested, 179:75 
PAHs, phototoxic effects on aquatic or- 
ganisms, 173:57 

PAHs, predicted environmental no effect 
concentation, 179:83 
PAHs, sediment removal effects, 174:12 
PAHs, soil quality criteria calculation, 

179:81 

PAHs, soil quality standards, 179:73 ff. 
PAHs, terrestrial ecotoxicity data, 179:74 
PAHs, toxicity earthworms, 179:75 
PAHs, toxicity enchytraeids, 179:75 
PAHs, toxicity invertebrates, 179:78 
PAHs, toxicity microorganisms, 179:76 
PAHs, toxicity mustard, red clover, rye- 
grass, 179:74 

PAHs, toxicity plants, 179:76 
PAHs, toxicity soil invertebrates, 179:74 
PAHs, toxicity springtails, 179:75 
Paraoxon, formation reaction pathway, 

172:161 

Paraoxon IjoS, ChE fish, 172:28 
Paraoxon I 50 S, ChE frog, 172:30 
Parathion, catalytic hydrolysis, 175:183 
Parathion, hydrolytic profile, 175:208 



Parathion I 50 S, ChE fish, 172:28 
Parathion methyl, hydrolytic profile, 175: 
208 

Parathion, paraoxon formation reaction 
pathway, 172:161 

Parathion photochemical half-life, fruit cu- 
ticle iodine number, 172:165 
Parathion, photodegradation different sol- 
vents, 172:138 

Parathion photoproducts, 172:157, 159, 164 
Particle-size distribution, house dust, 175: 
5 

Particulate organic matter (POM), 175:2 
Partition coefficients (/fj), metals in soils, 

178:15 

Pathogenic protozoa, disease symptoms, 

180:94 

PCBs (polychlorinated biphenyls), house 
dust contaminants, 175:14, 24 
PCBs, atropisomer of methylsulfonyl- 
PCBs, chiral PCBs, 173:91 
PCBs, carp Waukegan Harbor (graph), 
174:11 

PCBs, chiral, 173:91 
PCBs, degraded by KPEG, 177:141 
PCBs, Lake Michigan fish, 174:11 
PCBs, levels Gulf of Gdansk, 179:19, 20, 
21 

PCBs, sediment levels Baltic Sea, 179:22 
PCBs, sediment removal effects, 174:10 
PCBs, tissue residues aquatic organisms, 

173:22 

PCBs, vertebrate effects, 176:74 
PCDDs (dioxins), house dust contami- 
nants, 175:27 

PCDDs, produced by chlorinated pesti- 
cide incineration, 177:140 
PCDDs, tissue residues aquatic organ- 
isms, 173:22 

PCDDs, vertebrate effects, 176:74 
PCDEs (polychlorinated furans), house 
dust contaminants, 175:27 
PCDEs, produced by chlorinated pesticide 
incineration, 177:140 
PCDEs, tissue residues aquatic organisms, 
173:22 

PCDEs, vertebrate effects, 176:74 
Peanut meal, aflatoxin-contaminated rat 
feeding studies, 171:163 
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Pedogenic processes, heavy metals in 
soils, 177:4 

Pelagic seabirds, mercury bioaccumula- 
tion, 171:69 

Penconazole, ergosterol biosynthesis in- 
hibiting fungicides, 172:39 
Penicillins, mechanisms of action, 171:39 
fl-pentachlorocyclohexene, chiral PCB, 

173:91 

y-pentachlorocyclohexene, chiral PCB, 

173:91 

Pentachlorocyclohexene-P, chiral PCB, 

173:91 

Pentachlorocyclohexene-y, chiral PCB, 

173:91 

Pentachlorophenol (PCP), house dust con- 
centrations, 175:19, 22 
Perfluoroalkyl phosphate, chemical struc- 
ture, 179:103 

Perfluoroalkylated substances (PFAS), en- 
viron fate/occurrence, 179:102 
Perfluoroalkylated substances (PFAS), en- 
viron/toxicity effects, 179:99 ff. 
Perfluoroalkylbetaine, fire-fighting foams, 
179:104 

Perfluoroalkylethylates (PFAS), products 
of telomerization, 179:101 
Perfluoroalkylethylates, degradation prod- 
ucts, 179:99 

Perfluoroalkylethylates, uses, 179:100 
Perfluoroalkylsulfonates, degradation 
products, 179:99 

Perfluoroalkylsulfonates, uses, 179:100 
Perfluorooctanoic acid (PFOA), ground- 
water occurrence, 179:109 
Perfluorooctanoic acid, structure, 179:99, 
100 

Perfluorooctyl sulfonate (PFOS), ground- 
water occurrence, 179:109 
Perfluorooctyl sulfonate, structure, 179: 
99, 100 

Permethrin, abiotic chemical properties, 

174:154 

Permethrin, aerobic soil degradation, 174: 
157, 162 

Permethrin, anaerobic soil degradation, 

174:157 

Permethrin, biotic chemical properties, 

174:157 



Permethrin, house dust concentrations, 

175:19 

Permethrin, hydrolysis, 174:154, 160 
Permethrin, hydrolytic profile, 175:192 
Permethrin, photolysis in water, 174:154, 
160 

Permethrin, photolysis on soil, 174:154, 
161 

Permethrin, physicochemical properties, 
174:52, 151 

Permethrin, soil sorption, 174:153, 155, 
158 

Peroxisome proliferator, PFOA, 179:111 
Persistence, triclopyr in soils, 174:40 
Persistence, triclopyr in water/sediments, 

174:36 

Persistent organic pollutants, utility in- 
dex & scores, 176:76 
Persistent organic pollutants, vertebrate ef- 
fects, 176:74 

Persistent organic pollutants, vertebrate 
vulnerability index, 176:77 
Persistent organic pollutants, vertebrates 
rank order index, 176:79 
Perylene, PAH, 179:75 
Pesticide 50% dissipation times ( 0 X 50 %), 
in soil, 177:127, 158 
Pesticide abiotic hydrolysis, aquatic envi- 
ronment, 175:79 ff. 

Pesticide aquatic toxicity, veterinary use, 

180:44 ff. 

Pesticide candidates for phytoremediation 
cleanup, 177:171 

Pesticide CAS numbers list, 177:183 
Pesticide CAS numbers, veterinary use (ta- 
ble), 180:76 

Pesticide chemical names list, 177:183 
Pesticide Chemical Abstracts Service 
(CAS) numbers list, 177:183 
Pesticide common names list, 177:183 
Pesticide concentrations in waste, user 
sites, 177:126 

Pesticide container & rinsewater disposal, 
lUPAC recommends, 177:180 
Pesticide container and packaging dis- 
posal, 177:142 

Pesticide container recycling, 177:142 
Pesticide contaminated soils, bioaugmen- 
tation, 177:170 
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Pesticide contaminated soils, biological 
treatment, 177:165 

Pesticide contaminated soils, biostimula- 
tion, 177:178 

Pesticide contaminated soils, cleanup 
methods, 177:161 

Pesticide contaminated soils, composting, 

177:166 

Pesticide contaminated soils, incineration, 

177:163 

Pesticide contaminated soils, lUPAC 
cleanup recommends, 177:180 
Pesticide contaminated soils, KPEG treat- 
ment, 177:164 

Pesticide contaminated soils, landfarming, 
177:169 

Pesticide contaminated soils, phytoremedi- 
ation, 177:169 

Pesticide contaminated soils, soil separa- 
tion techniques, 177:162 
Pesticide contaminated soils, zero-valent 
iron treatment, 177:164 
Pesticide degradation, veterinary scenarios 
(data), 180:37 

Pesticide disposal, 177:123 ff. 

Pesticide disposal, bulk quantity FAO 
guidelines, 177:135 

Pesticide disposal, developing countries, 
FAO guidelines, 177:135 
Pesticide disposal, incineration, 177:136 
Pesticide half-lives, aquatic, 175:190-233 
Pesticide half-lives, soil concentration ef- 
fect, 177:127 

Pesticide hydrolysis, (see also Abiotic pes- 
ticide hydrolysis), 175:79, 90 
Pesticide hydrolysis, environmental ad- 
sorption effect, 175:166 
Pesticide hydrolysis, environmental buffer 
catalysis, 175:164 

Pesticide hydrolysis, environmental cataly- 
sis metal ions/oxides, 175:178 
Pesticide hydrolysis, environmental clay 
effect, 175:173 

Pesticide hydrolysis, environmental dis- 
solved organic matter effect, 175:169 
Pesticide hydrolysis, environmental micel- 
lar effects, 175:185 

Pesticide hydrolysis, environmental sol- 
vent effect, 175:165 



Pesticide hydrolysis, kinetics, 175:81 
Pesticide hydrolysis, kinetics mechanisms, 

175:90 

Pesticide hydrolysis, metal ion catalysis 
mechanisms, 175:178 
Pesticide incineration efficiency, 177:136 
Pesticide incineration, incinerator types, 

177:139 

Pesticide incineration, muffle furnace tem- 
peratures, 177:137 

Pesticide incineration, products of incom- 
plete combustion, 177:138 
Pesticide incineration, temperatures of 
complete combustion, 177:137 
Pesticide mixtures, disposal problems, 
177:126 

Pesticide persistence at high concentra- 
tions, 177:127 

Pesticide plastic and paper packaging, in- 
cineration, 177:143 
Pesticide potentiation, 172:39 
Pesticide root zone model (PRZM), triclo- 
pyr, 174:34 

Pesticide terrestrial toxicity, veterinary 
use, 180:63 ff. 

Pesticide toxicity groups, honeybee, FPA- 
defined, 179:66 

Pesticide trace amounts, analytical meth- 
ods, 175:80 

Pesticide unused sprays, treatment & dis- 
posal, 177:144 

Pesticide use (home), house dust contami- 
nants, 175:17 

Pesticide waste constituents, characteriza- 
tion, 177:132 

Pesticide waste, disposal & degradation, 

177:123 ff. 

Pesticide waste disposal, Australian regu- 
lations, 177:129 

Pesticide waste disposal, dark or photoas- 
sisted Fenton’s reagent, 177:158 
Pesticide waste disposal, dehalogenation, 

177:151 

Pesticide waste disposal, hydrolysis, 177: 
150 

Pesticide waste disposal, lUPAC recom- 
mends, 177:179 

Pesticide waste disposal, oxidation, 177: 
152 
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Pesticide waste disposal, ozonation, 177: 
152, 154 

Pesticide waste disposal, photocatalytic 
oxidation with titanium dioxide, 177: 
160 

Pesticide waste disposal, photolysis, 177: 
150 

Pesticide waste disposal, recycling, 177: 
129 

Pesticide waste disposal, regulatory con- 
straints, 177:128 

Pesticide waste disposal, selecting op- 
tions, 177:133 

Pesticide waste disposal, strategy, 177: 

131 

Pesticide waste disposal, U.S. regulations, 

177:128 

Pesticide waste management methods, 
Australia, 177:132 

Pesticide waste, unique characteristics, 
177:125 

Pesticide wastewater, carbon & lignocellu- 
losic sorption, 177:146 
Pesticide wastewater disposal, 177:143 
Pesticide wastewater, evaporative bed dis- 
posal, 177:145 

Pesticide wastewater, options for disposal, 

177:145 

Pesticide wastewater, ozonation/bioreactor 
for cleaning, 177:148 
Pesticide wastewater, sorption/composter 
for cleaning, 177:148 
Pesticide water solubility, dissolved or- 
ganic matter, 175:87 

Pesticides, abiotic hydrolysis aquatic envi- 
ronment, 175:79 ff. 

Pesticides, affecting fish vertebrae, 172: 

11 

Pesticides, aquatic half-lives, 175: 
190-233 

Pesticides, chiral enrichment processes, 

173:105 

Pesticides, chiral list, 173:90 
Pesticides, chlorinated, destruction by K- 
polyethylene glycol ether (KPEG), 
177:140, 142 

Pesticides, disposal of unused stocks, 

177:134 

Pesticides, effects on teleosts’ calcium/ 
phosphate regulation, 172:8 



Pesticides, half-lives aquatic environment, 
175:190-233 

Pesticides, house dust concentrations, 

175:19 

Pesticides in fish. Gulf of Gdansk, 179:27 
Pesticides, levels Gulf of Gdansk, 179:19, 
24, 26 

Pesticides, not recommended for incinera- 
tion, 177:139 

Pesticides, pure enantiomer advantages of 
using, 173:86 

Pesticides, racemic disadvantages of us- 
ing, 173:86 

Pet medicines, environmental pathways, 

180:16 

Petroleum crude oil, vertebrate biomoni- 
tor effects, 176:88 

Petroleum crude oil, vertebrate rank or- 
der & utility index, 176:94 
Petroleum crude oil, vertebrate rank or- 
der & vulnerability index, 176:95 
Petroleum crude oil, vertebrate utility in- 
dex, 176:89 

Petroleum crude oil, vulnerability index, 

176:90 

PFAS (perfluoroalkylated substances), 

179:99 

PFAS, acute toxicity aquatic organisms, 

179:115 

PFAS, biotransformation, 179:111 
PFAS, degradation products, 179:105 
PFAS, ecological risk assessment, 179: 
112 

PFAS, ecotoxicity, 179:111 
PFAS emissions, Netherlands, 179:104 
PFAS, environmental fate, 179:105 
PFAS, environmental occurrence, 179: 

108 

PFAS, groundwater occurrence, 179:108 
PFAS, LOFC 50 values aquatic organisms, 

179:112 

PFAS, mutagenicity testing, 179:114 
PFAS, occupationally exposed worker lev- 
els, 179:115 

PFAS, physicochemical properties, 179: 
106 

PFAS soil-repellency illustrated, 179:103 
PFAS, toxicity mechanism, 179:111 
PFAS, uses & applications, 179:102 
PFOA (perfluorooctanoic acid), 179:100 
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PFOA, half-life in humans, 179:114 
PFOA, human toxicity, 179:114 
PFOA, peroxisome proliferator, 179: 111 
PFOS (perfluorooctyl sulfonate), 179:100 
PFOS, bioaccumulation factor fish, 179: 
110 

PFOS, bioconcentration factors, 179:115 
PFOS, ecological risk assessment, 179:112 
PFOS, half-life in humans, 179:114 
PFOS, human toxicity, 179:114 
PFOS, LOEC 50 values aquatic organisms, 
179:112 

PFOS, marine biota contaminant, 179: 

105, 109 

PFOS, marine mammals, birds, fish con- 
taminant, 179:109 

PFOS, weakly carcinogenic, 179:116 
pH, chromium redox reaction effects, 
178:97, 99 

pH, effect in algal toxicity testing, 178:28 
pH, effect on chromium oxidation, 178:71 
pH effects, phosphate compounds rhizo- 
sphere, 177:29 

pH, influences water photochemical trans- 
formations, 172:167 

pH rate profiles, abiotic pesticide hydroly- 
sis, 175:82 

Phenanthrene (PAH), from coke produc- 
tion, 174:13 

Phenanthridine, biotransformation prod- 
ucts (illus.), 173:46 

Phenolic compounds, house dust contami- 
nants, 175:14, 26 

Phenoxypropanoic acids, chiral herbi- 
cides, 173:90 

Phenthoate photoproducts, 172:204 
Phenyl pyrazole insecticides, defined, 

176:2 

Phorate, hydrolysis pathways, 175:137 
Phorate photoproducts, 172:198 
Phosalone photoproducts, 172:208 
Phosalone, sublethal AChE inhibition 
aquatic organisms, 172:45 
Phosphamidon, hydrolytic profile, 175: 
212 

Phosphate amendment, lead-contaminated 
soil remediation, 177:4 
Phosphate, ammonium, fertilizers, 177:10 
Phosphate compounds, acidity equivalent 
in soils, 177:28 



Phosphate compounds, antagonism effect 
on mycorrhizal plant infection, 177: 
34 

Phosphate compounds, effects on heavy 
metals in soils, 177:12, 13 
Phosphate compounds, heavy metal immo- 
bilization in soils, 177:18 
Phosphate compounds, heavy metal mobi- 
lization in soils, 177:18 
Phosphate compounds, heavy metals 
source in soils, 177:12 
Phosphate compounds, liming value in 
soils, 177:28 

Phosphate effects on heavy metals, rhizo- 
sphere, 177:29 

Phosphate fertilizers, equilibrium dissolu- 
tion reactions, 177:11 
Phosphate fertilizers, fast- release, 177:10 
Phosphate fertilizers, heavy metal concen- 
trations & sources, 177:18 
Phosphate fertilizers, heavy metal major 
source, 177:5 

Phosphate fertilizers, slow-release, 177:10 
Phosphate insecticides, hydrolysis mecha- 
nisms, 175:132 

Phosphate, monoammonium fertilizers, 

177:10 

Phosphate, monocalcium fertilizers, 177: 
10 

Phosphate rocks, soil fertilizers, 177:10 
Phosphate-induced heavy metal adsorp- 
tion, 177:22 

Phosphates, organophosphate photochem- 
istry, 172:151 

Phosphates, reactions in soils, 177:10 
Phosphates, water-insoluble compounds, 

177:10 

Phosphates, water-insoluble, effects my- 
corrihizal plants, 177:32 
Phosphates, water-soluble forms, 177:10 
Phosphonate insecticides, hydrolysis 
mechanisms, 175:142 
Phosphonates, orgnophosphate photo- 
chemistry, 172:151 

Phosphonodithioate insecticides, hydroly- 
sis mechanisms, 175:142 
Phosphonothioate insecticides, hydrolysis 
mechanisms, 175:142 
Phosphoramidate insecticides, hydrolysis 
mechanisms, 175:140 
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Phosphoramidothioate insecticides, hydro- 
lysis mechanisms, 175:140 
Phosphorescence, defined, 172:134 
Phosphorodithioate insecticides, hydroly- 
sis mechanisms, 175:136 
Phosphorothioate insecticides, hydrolysis 
mechanisms, 175:129 
Phosphorothiolate insecticides, hydrolysis 
mechanisms, 175:134 
Phosphorus fertilizers, sources of heavy 
metals in soils, 177:4 
Phosphorus, role in heavy metal avail to 
soil-plant system, 177:1 ff. 
Phosphorus-metal interactions in plants, 
177:20 

Photoassisted Fenton’s reagent, pesticide 
waste disposal, 177:158 
Photochemical absorption coefficients, or- 
ganophosphates (table), 172:149 
Photochemical lamps, emission compari- 
sons, 172:143 

Photochemical reactions, actinometry, 
172:142 

Photochemical reactions, in atmospheric, 

172:139 

Photochemical reactions, in water, 172: 
139, 166 

Photochemical reactions, light sources, 

172:141 

Photochemical reactions, on plant sur- 
faces, 172:140 

Photochemical sensitization, pesticide 
studies, 172:190 

Photochemistry, defined, 172:132 
Photochemistry, effective radiation spec- 
trum, 172:137 

Photochemistry, irradiation methods, 172: 
144 

Photochemistry of organophosphorus in- 
secticides, 172:129 ff. 
Photochemistry, OPs (organophosphates), 
172:129 ff. 

Photochemistry, pesticides general, 172: 
136 

Photochemistry, vapor phase described, 
172:145, 147, 168 

Photodecomposition, triclopyr, 174:22 
Photodegradation, fipronil, 176:12 
Photodegradation pathways, fenvalerate, 
176:147, 149 



Photoenhanced toxicity, aquatic contami- 
nants, 173:13 

Photoenhanced toxicity, azaarenes, 173: 
59 

Photohydrolysis, methyl bromide, 177:60 
Photolysis, bifenthrin, 174:71, 72 
Photolysis, cyfluthrin, 174:77, 80 
Photolysis, cypermethrin, 174:87, 90, 91 
Photolysis, deltamethrin, 174:106, 109, 
110 

Photolysis, esfenvalerate, 174:121, 122 
Photolysis, fenpropathrin, 174:134, 136 
Photolysis, fenvalerate, 176:146 
Photolysis half-lives, pyrethroids, 174:52 
Photolysis, lambda-cyhalothrin, 174:142, 
147, 146, 148 

Photolysis, permethrin, 174:154, 160, 161 
Photolysis, pesticide waste disposal, 177: 
150 

Photolysis, pyrethroids, 174:61, 62 
Photolysis, tralomethrin, 174:110, 114 
Photolysis, triclopyr, 174:22 
Photoproducts, azinphos-ethyl, 172:212 
Photoproducts, azinphos-methyl, 172:210 
Photoproducts, chlorfenvinphos, 172:153 
Photoproducts, chlormephos, 172:196 
Photoproducts, chlorpyrifos, 172:185 
Photoproducts, coumaphos, 172:192 
Photoproducts, cyanophos, 172:180 
Photoproducts, diazinon, 172:189 
Photoproducts, dioxabenzophos, 172:195 
Photoproducts, fenitrothion, 172:170 
Photoproducts, fenthion, 172:181 
Photoproducts fosmethilan, 172:205 
Photoproducts, iodofenphos, 172:176 
Photoproducts, isofenphos, 172:24 
Photoproducts, malathion, 172:200 
Photoproducts, mephospholan, 172:213 
Photoproducts, methidathion, 172:206 
Photoproducts, parathion, 172:157, 159, 
164 

Photoproducts, phenthoate, 172:204 
Photoproducts, phorate, 172:198 
Photoproducts, phosalone, 172:208 
Photoproducts, phthalophos, 172:209 
Photoproducts, profenophos, 172:178 
Photoproducts, propaphos, 172:155 
Photoproducts, prothiophos, 172:202 
Photoproducts, quinalphos, 172:191 
Photoproducts, sulprofos, 172:201 




Cumulative and Comprehensive Subject Matter Index Volumes 171-180 205 



Photoproducts, temephos, 172:184 
Photoproducts, tetrachlorovinphos, 172: 
154 

Photosynthesis, azaarene photo-products 
effects on diatom, 173:61 
Phototoxic effects, azaarenes, 173:53 
Phototoxic effects on aquatic organisms, 
PAHs, 173:57 

Phthalate esters, designated toxic pollut- 
ants, 172:92 

Phthalate plasticizers, uses in plastics in- 
dustry, 172:88 

Phthalates, house dust contaminants, 175: 
14, 26 

Phthalates, in plastic consumer products, 

172:88 

Phthalophos photoproducts, 172:209 
Physical/chemical properties, methyl bro- 
mide, 177:49 

Physical properties, pyrethroids, 174:49 
ff. 

Physicochemical properties, avermectin, 

171:113 

Physicochemical properties, diisononyl 
phthalate, 172:89 

Physicochemical properties, fenvalerate & 
esfenvalerate, 176:140 
Physicochemical properties, fipronil, 176: 
3, 6 

Physicochemical properties, PFAS, 179: 
106 

Physicochemical properties, pyrethroids, 

174:49 ff. 

Physicochemical properties, triclopyr, 

174:20 

Physiochemical properties, spinosad, 179: 
38 

Phytoremediation, gold mine arsenic con- 
tamination, 180:141 
Phytoremediation, pesticide candidates, 

177:171 

Phytoremediation, pesticide contaminated 
soils, 177:169 

Phytotoxicity, methyl bromide, 177:66 
Picloram, soil leaching index, 174:33 
Picloram, soil leaching qualities, 174:30 
Pimephales promelas, pentachlorophenol 
tissue residues, 173:16 
Piperonyl butoxide, antagonism with fi- 
pronil, 176:5 



Piperonyl butoxide, house dust concentra- 
tions, 175:19 

Pirimiphos methyl, hydrolytic profile, 
175:212 

Pirimiphos methyl, sublethal AChE inhibi- 
tion aquat organ, 172:45 
Planck’s constant, abiotic pesticide hydro- 
lysis, 175:83 

Plant nutrition, essential elements defined, 

177:2 

Plants, arsenic lethal/sublethal effects, 

180:143 

Plants, metal bioavailability in soils, 178: 
9 

Plants, metal toxicological bioavailability 
in soils, 178:10 
Plants, PAH toxicity, 179:76 
Plasticizers, world use, 172:89 
Plug-forming bacteria, iron accumulating, 
173:137 

Poisoning, arsenic humans, 180:154 
Pollinators, spinosad toxicity, 179:37 ff. 
Pollutant contamination, indoor house 
dust, 175:1 ff. 

Pollutant risk assessment, vertebrate bio- 
monitors, 176:67 ff. 

Pollutant sources, house dust, 175:15 
Polychlorinated biphenyls (PCBs), house 
dust contam, 175:14, 24 
Polychlorinated boranes, chiral insecti- 
cide, 173:91 

Polychlorinated furans (PCDFs), house 
dust contam, 175:27 
Polycyclic aromatic hydrocarbons 
(PAHs), 173:40 

Polycyclic aromatic hydrocarbons 
(PAHs), 174:12 

Polycyclic aromatic hydrocarbons 

(PAHs), ecotoxicity data, 179:73 ff. 
POM (particulate organic matter), 175:2 
Pomeranian Bay, most polluted area of 
Baltic, 179:4 

Portable personal air sampler, house dust, 

175:9 

Potassium polyethylene glycol ether 

(KPEG), destruction of Cl-pesticides, 
177:140, 142 

Potentiation, OPs by EBI (ergosterol bio- 
synthesis inhibiting) fungicides, 
birds, 172:39 
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Primisulfuron, hydrolytic profile, 175:224 
Priority pollutants, chromium, 178:94 
Procloraz, ergosterol biosynthesis inhibit- 
ing fungicide, 172:39 
Procymidone, hydrolytic profile, 175:204 
Products of incomplete combustion, pesti- 
cides, 177:138 

Profenofos, hydrolytic profile, 175:212 
Profenofos, sublethal AChE inhibition 
aquatic organisms, 172:44 
Profenophos photoproducts, 172:178 
Prometryn, hydrolytic profile, 175:230 
Propachlor, hydrolytic profile, 175:194 
Propanil, hydrolytic profile, 175:196 
Propaphos photoproducts, 172:155 
Propazine, hydrolytic profile, 175:230 
Propetamphos, hydrolytic profile, 175:220 
Propham, hydrolytic profile, 175:200 
Proposed criteria, arsenic environmental 
protection, 180:156 

Propoxur, house dust concentrations, 175: 
19 

Propoxur, hydrolytic profile, 175:200 
Propyzamide, alkaline hydrolysis path- 
way, 175:106 

Propyzamide, hydrolytic profile, 175:196 
Prosulfuron, hydrolytic profile, 175:224 
Prothiophos photoproducts, 172:202 
Protozoa, potential waterborne transmis- 
sion, 180:93 

PRZM (pesticide root zone model), triclo- 
pyr, 174:34 

Pseudokirchneriella subcapitata (alga), al- 
gae metal monitoring, 178:23, 30 
Pure enantiomer pesticides, advantages of 
using, 173:86 

Pydrin®, fenvalerate, 174:117 
Pyrazolate hydrolysis, 175:160 
Pyrazolynate, hydrolytic profile, 175:232 
Pyrethroid chemistry & fate, 176:137 
Pyrethroid hydrolysis, benzoin ester for- 
mation, 175:97 

Pyrethroid insecticides, house dust concen- 
trations, 175:18, 20 

Pyrethroid insecticides, hydrolysis, 175:92 
Pyrethroid insecticides, structures & hy- 
drolytic profiles, 175:192 
Pyrethroids, abiotic chemical properties, 

174:60 



Pyrethroids, abiotic kinetic analyses, 174: 
58 

Pyrethroids, adsorption/desorption soil co- 
efficients, 174:56 

Pyrethroids, aerobic soil degradation, 

174:63 

Pyrethroids, anerobic soil degradation, 

174:64 

Pyrethroids, aquatic half-lives, 174:52 
Pyrethroids, BCFs, 174:52, 54 
Pyrethroids, bioconcentration factors 
(BCFs), 174:52, 54 

Pyrethroids, biotic chemical properties, 

174:63 

Pyrethroids, biotic kinetic analyses, 174:58 
Pyrethroids, chemical names, 174:66, 73, 
82, 95, 117, 125, 139, 151 
Pyrethroids, Chemical Abstracts (CAS) re- 
gis Nos., 174:66, 73, 82, 95, 117, 
125, 139, 151 

Pyrethroids, Class 5 hydrolysis, 175:99 
Pyrethroids, Classes 1 & 2 hydrolysis, 

175:95 

Pyrethroids, Classes 3 & 4 hydrolysis, 

175:98 

Pyrethroids, enantiomers, 174:50, 
Pyrethroids, endocrine disruption, 176: 

152 

Pyrethroids, Freundlich adsorption data, 

174:56 

Pyrethroids, generation classes, 176:138 
Pyrethroids, half-lives, aerobic aquatic 
systems, 174:66 

Pyrethroids, half-lives, soil, 174:65 
Pyrethroids, Henry’s law constants, 174: 
52, 54 

Pyrethroids, hydrolysis, 174:60 
Pyrethroids, hydrolysis half-lives, 174:52 
Pyrethroids, K^, 174:52, 54 
Pyrethroids, K„, 174:52 
Pyrethroids, K„„, 174:53 
Pyrethroids, K„, 174:55 
Pyrethroids, mixtures of steroisomers, 
174:50 

Pyrethroids, molecular weights, 174:52 
Pyrethroids, octanol-water partition coeffi- 
cients 174:52, 53 
Pyrethroids, photolysis half-lives, 174:52 
Pyrethroids, photolysis, water/soil, 174:61 
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Pyrethroids, physicochemical properties, 

174:49 ff. 

Pyrethroids, soil adsorption partition coef- 
ficients, 174:55 

Pyrethroids, soil half-lives, 174:52 
Pyrethroids, soil sorption, 174:54 
Pyrethroids, synthesis, 176:141 
Pyrethroids, vapor pressures, 174:52, 53 
Pyrethroids, water solubility, 174:52, 54 
Pyrolan, hydrolytic profile, 175:200 

QSARs (Quantitative Structure-Activity 
Relationships), 173:1 ff. 

Quantitative Structure-Activity Relation- 
ships, (QSARs), 173:1 ff. 
Quinalophos, hydrolytic profile, 175:212 
Quinalphos photoproducts, 172:191 
Quinoline, microbial degradation path- 
way, 173:43 

Quinoline mutagenicity, 173:63 
Quinoline toxicity, 173:42 
Quinoline toxicity, species groups, 173:49 
Quinolones, mechanisms of action, 171:39 
Quizalofop-ethyl, hydrolytic profile, 175: 
190 

Race, effect on hair trace element contam- 
ination, 175:60 

Racemic pesticides, disadvantages of us- 
ing, 173:86 

Radiation energies, producing homolytic 
bond fission (table), 172:138 
Ranking methodology, vertebrate biomon- 
itors, 176:71 

Ranking vertebrate biomonitors, environ- 
mental contaminants, 176:67 ff. 
Rayonet Photochemical Reactor, de- 
scribed, 172:145 

Reaction quantum yield, defined, 172:134 
Reactive chemicals, tissue residues 
aquatic organisms, 173:18 
Reactives/inhibitors, CBRs, 173:5 
Reactives/inhibitors, mode of action, 173:8 
Recycling, pesticide containers, 177:142 
Reductases, Cr(VI) to Cr(III), microbial, 
178:118 

Regent®, fipronil proprietary name, 176:6 
Remediation, chromate-contaminated soil/ 
water, 178:77, 141 



Remediation, contaminated sediments, 

174:1 ff 

Remediation, Cr(VI)-contaminated water, 

178:81 

Remediation technologies, chromate-con- 
taminated soils, 178:79 
Remediation technologies, chromium in 
wastewater, 178:141 
Reproductive effects, DINP, 172:103 
Reproductive effects, fipronil, 176:36 
Reptiles, ChE recovery times OP expo- 
sure, 172:26 

Residue analysis, fipronil, 176:21 
Resistance (bacterial) to antibiotics vs dis- 
infectants, 171:38 

Resistant bacteria, via UV/chlorination, 

171:1 ff. 

Resonance fluorescence, defined, 172: 

134 

Resonance structures, hydroxylated tri- 
azine & protonated species, 175:176 
Respiratory disease, arsenic-related, 180: 
136 

RfDs (oral reference doses), chemical war- 
fare agents, 172:65 ff. 

RfDs, house dust contaminant bench- 
marks, 175:32 

RfDs, interim recommended six warfare 
agents, 172:69 

Rhizosphere, acidification by phosphate 
compounds, 177:29 
Rhizosphere, mycorrhizal effects metal 
tolerance in plants, 177:31 
Rhizosphere, phosphate-heavy metal ef- 
fects, 177:29 

Rimsulfuron, hydrolytic profile, 175:224 
Rimsulfuron, sulfonylurea bridge contrac- 
tion, 175:152 

Risk assessment, metal-contaminated 
soils, 178:1 ff 

Risk assessment models, veterinary medi- 
cines, 180:6 

Risk assessment of metals, using algae 
toxicity tests, 178:23 ff. 

RMS Titanic, see Titanic, 173:117 
Rusticle, environmental cost of covert 
growth, 173:133 

Rusticle, radiographic image (illus.), 173: 
130 
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Rusticle, typical components of dissected 
rusticle (illus.), 173:125 
Rusticle, word derivation, 173:123 
Rusticles, chemical composition, 173:124 
Rusticles, consortial microbial structures, 
173:121 

Rusticles, focused accumulation sites for 
iron, 173:129 

Rusticles, found on Titanic ocean liner, 
173:117 ff. 

Rusticles, growth rates, 173:123 
Rusticles, in water wells, 173:130 
Rusticles, injection/extraction wells reme- 
diation sites, 173:131 
Rusticles, lab eval corrosive processes (il- 
lus.), 173:124, 131 

Rusticles, relevance to maritime indus- 
tries, 173:126 

Rusticles, underwater pipeline problems, 

173:134 

Saccharopolyspora spinosa, spinosad 
source, 179:37 

Salinity, Antarctic cold waters, 171:58 
Sample digestion, hair trace element anal- 
ysis, 175:64 

Sample preparation, hair trace element 
contamination, 175:63 
Sampling methods, house dust, 175:9 
Sampling methods, human hair, 175:63 
Sampling techniques, environmental 
DINP, 172:94 

Sarin (GB), review summary, 172:72, 76 
Sarin (GB), RfDs & UFs, 172:68 
Scallops, trace metals Antarctica, 171:83 
Scenedesmus quadricauda (alga), Cu tox- 
icity testing, 178:29, 34, 37 
Scenedesmus subspicatus (alga), toxicity 
testing, 178:34 

Schrader’s formula, organophosphate in- 
secticides, 172:149 

Scientific Committee on Antarctic Re- 
search (SCAR), 171:56 
Scientific names, terrestrial vertebrates, 

176:70 

Scientific organizations, abbreviations, 

172:119 

Scoliosis, fish response to xenobiotics, 

172:11 



Scout®, tralomethrin, 174:96 
Seals (Weddell), trace metal levels Antarc- 
tica, 171:81 

Seaweeds, trace metal monitors Southern 
Ocean, 171:73 

Sechura phosphate rock, fertilizer, 177:20 
Sediment, bioaccumulation of contami- 
nants, 174:3 

Sediment, contamination remediation, 

174:1 ff. 

Sediment contamination, veterinary medi- 
cines, 180:20 

Sediment removal, ecological response, 

174:8 

Sediment removal, metal concentration 
changes, 174:8 

Sediment removal, nutrient effects, 174:8 
Sediment removal, PAH declines, 174:12 
Sediment removal, PCB declines, 174:10 
Sediment removal, persistent toxic organ- 
ics, 174:10 

Selenastrum capricornutum (alga), metal 
monitoring, 178:23, 34, 37 
Selenium, house dust concentrations, 175: 
30 

Semivolatile organic compounds 
(SVOCs), 175:2 

Serum ChE vs brain AChE activity, liz- 
ards OP-exposed, 172:51 
Sex, effect on hair trace element contami- 
nation, 175:53 

Sheep-dipping chemicals, environmental 
contaminants, 180:28 
Simazine, hydrolytic profile, 175:230 
Simulated environmental fate, methyl bro- 
mide, 177:70 

Skeletal system, xenobiotic effects on tele- 
osts, 172:1 ff. 

Skeletal system, xenobiotic exposure 
marker, 172:11 

Slime-producing bacteria, chlorine toler- 
ance, 171:10 

Sludge treatment of soils, shifts metals to 
more mobile forms, 177:9 
Smoking habits, hair trace element con- 
tamination, 175:55 

Soil adsorption capacity, dictated by cat- 
ion-exchange capacity, 177:6 
Soil chromium, chemistry, 178:59 




Cumulative and Comprehensive Subject Matter Index Volumes 171-180 209 



Soil contamination, veterinary medicines, 

180:22 

Soil fumigant, methyl bromide environ- 
mental fate, 177:45 ff. 

Soil half-life, spinosad, 179:39 
Soil half-lives, pyrethroids, 174:52 
Soil half-lives, triclopyr, 174:39 
Soil invertebrates, avermectin effects, 
171:120 

Soil persistence, triclopyr, 174:39 
Soil quality criteria (SQC), PAHs, 179:81 
Soil quality criteria, algorithm for deriv- 
ing, 179:84 

Soil sorption coefficients, pyrethroids, 

174:55 

Soil surfaces, photochemical studies, 172: 
187 

Soil-repellence via perfluoroalkylated sub- 
stance (PFAS), illustrated, 179:103 
Soils, metal extraction methods, 178:6 
Soils, pesticide contaminated cleanup, 

177:161 

Soils, source of heavy metals in food 
crops, 177:2 

Solid-phase speciation, chromium in soils, 
178:62, 64 

Solvents, used in photochemical studies, 
172:138 

Soman (GD), review summary, 172:72, 76 
Soman (GD), RfDs & UFs, 172:68 
SOS system, in bacteria, 171:31 
SOS system, mutagenesis in bacteria, 

171:32 

Spectrofluorimetry, hair trace element 
analysis, 175:65 

Spectrophotometry, hair trace element 
analysis, 175:65 

Spectrum, electromagnetic radiation 
(diag.), 172:130 

Spinosad, acute toxicity insects, 179:41 
Spinosad, alfalfa leafcutter bee toxicity, 

179:42 

Spinosad, bumblebee toxicity, 179:43 
Spinosad, chemical structures, 179:39 
Spinosad, commercial trade names, 179: 
38 

Spinosad, dislodgeable residue toxicity, 

179:44 

Spinosad, environmental fate, 179:39 



Spinosad, formulations, 179:38 
Spinosad, hazard evaluation, 179:40 
Spinosad, honeybee toxicity, 179:42 
Spinosad, honeybee toxicity alfalfa resi- 
dues, 179:44, 57 

Spinosad, honeybee toxicity almond resi- 
dues, 179:57, 60 

Spinosad, honeybee toxicity avocado resi- 
dues, 179:62, 65 

Spinosad, honeybee toxicity citrus resi- 
dues, 179:59, 61, 63 

Spinosad, honeybee toxicity kiwifruit resi- 
dues, 179:62, 64 

Spinosad, honeybee toxicity strawberry 
residues, 179:50 

Spinosad, honeybee toxicity tansy pha- 
celia, 179:54 

Spinosad, honeybee toxicity tomato resi- 
dues, 179:47 

Spinosad, honeybee toxicity treated crops, 

179:58 

Spinosad, insect toxicity greenhouse con- 
ditions, 179:48 

Spinosad, mode of action insects, 179:39 
Spinosad, nontarget toxicity, 179:40 
Spinosad, physiochemical properties, 179: 
38 

Spinosad, reduced-risk insecticide, 179:38 
Spinosad, soil half-life, 179:39 
Spinosad, toxicity bumblebee larvae, 179: 
51 

Spinosad, toxicity honeybee larvae, 179: 
53 

Spinosad, toxicity of weathered residues, 

179:46 

Spinosad, toxicity to pollinators, 179:37 
ff. 

Spinosad, vapor pressure, 179:39 
Spinosyns A & D, chemical structures, 

179:39 

Spinosyns, metabolites of Saccharopo- 
lyspora spinosa, 179:37 
Sponges, trace metal monitors Southern 
Ocean, 171:74, 75 

SQC (Soil quality criteria), PAHs, 179:81 
Standard artificial soils, OECD, 178:8 
Standard test protocols, algae toxicity 
tests (table), 178:26 
Stanniocalcin, teleost-secreted, 172:4 
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Strengite, phosphate fertilizer, 177:11 
Streptomyces avertimilis, source of aver- 
mectins, 171:112 

Streptomycin resistant bacteria, 171:21, 23 
Strontium, house dust concentrations, 

175:29 

Subchronic toxicity, DINP, 172:102 
Sublethal OP levels, AChE inhibition 
aquatic organisms, 172:44 
Success®, spinosad, 179:38 
Sulfadiazine, mechanisms of action, 171: 
39 

Sulfanilamide resistant bacteria, 171:21 
Sulfate-reducing bacteria, rusticle compo- 
nent, 173:135 

Sulfentrazone, hydrolytic profile, 175:232 
Sulfhydryl enzymes, chlorine effects, 

171:6 

Sulfide, methyl bromide degradation in 
soil, 177:59 

Sulfometuron methyl, hydrolytic profile, 

175:224 

Sulfonylurea herbicides, chemical struc- 
tures, 175:224 

Sulfonylurea herbicides, hydrolysis kinet- 
ics mechanisms, 175:144 
Sulfonylurea herbicides, hydrolysis path- 
ways, 175:145 

Sulfonylurea herbicides, hydrolytic pro- 
files, 175:226 

Sulfonylureas, Class 1 hydrolysis, 175: 

147 

Sulfonylureas, Class 5 hydrolysis, 175:151 
Sulfonylureas, Classes 2, 3 c& 4 hydroly- 
sis, 175:150 

Sulfur mustard (HD), review summary, 
172:74, 78 

Sulfur mustard (HD), RfDs & UFs, 172: 

68 

Sulfur mustard agents, air exposure limits, 

172:66 

Sulprofos photoproducts, 172:201 
Supercritical fluid extraction, house dust 
contam, 175:14 

Superphosphate fertilizers, soil reactions, 

177:10 

Superphosphate single-, fertilizers, 177:10 
Superphosphate triple-, fertilizers, 177:10 
Surface runoff contaminants, veterinary 
medicines, 180:20, 29 



Surface runoff, triclopyr, 174:35 
SVOCs (semivolatile organic com- 
pounds), house dust contam, 175:2 
Synedra sp. (alga), toxicity testing, 178: 
34 

Synergism, fipronil insecticide, 176:5 
Synthesis, fenvalerate & esfenvalerate, 

176:141 

T (sulfur mustard agent), RfDs & UFs, 

172:68 

Tabun (GA), review summary, 172:71, 76 
Tabun (GA), RfDs & UFs, 172:68 
Tannery effluents, source of Cr(Vl)-reduc- 
ing microbes, 178:115 
Tannery sludge composition, 178:75, 76 
Tannery sludge, sequential chromium ex- 
traction, 178:65 

Tannery waste, major chromium source, 

178:96 

Tannery waste sites, chromium problems, 

178:53 ff 

Tanning of leather with chromium, de- 
scribed, 178:54 

TCDD, tissue residues aquatic organisms, 

173:22 

TCP, triclopyr metabolite soil adsorption, 

174:29 

TCP, triclopyr soil degradate, 174:25 
TDl (tolerable daily intake), DINP, 172: 
114 

Tebutylazine, hydrolytic profile, 175:230 
Tefluthrin, hydrolytic profile, 175:192 
Teleosts, bone formation, 172:10 
Teleosts, calcium/phosphorus regulation, 

172:4 

Teleosts, pesticides effects on calcium/ 
phosphate regulation, 172:8 
Teleosts, xenobiotic effects on skeletal 
system, 172:1 ff. 

Telomerization, perfluoroalkylethylate 
production, 179:101 
Temephos, hydrolytic profile, 175:220 
Temephos photoproducts, 172:184 
Temperature, effect in algal toxicity test- 
ing, 178:33 

Temperatures of complete pesticide com- 
bustion, 177:137 

Teratogenicity, azaarenes, 173:66 
Termiticide, fipronil insecticide, 176:8 
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Terrestrial toxicity, veterinary medicines, 

180:63 ff. 

Terrestrial toxicity, veterinary pesticides, 

180:63 ff. 

Terrestrial vegetation, proposed arsenic 
criteria, 180:157 

Terrestrial vertebrates, common & scien- 
tific names, 176:70 

Test media, algal toxicity testing, 178:28 
Tetrachlorovinphos photoproducts, 172: 
154 

Tetrachlorvinphos, hydrolytic profile, 

175:212 

Tetracycline, mechanisms of action, 171: 
39 

Tetracycline resistant bacteria, 171:21, 23 
Tetramethrin, hydrolytic profile, 175:192 
Theoretical photochemistry, organophos- 
phates, 172:130 

Theoretical profile shape method, methyl 
bromide volatilization, 177:86 
Thifensulfuron methyl, hydrolytic profile, 
175:224 

Thin-film irradiation, organophosphate 
photochemistry, 172:203 
Thiofanox, hydrolytic profile, 175:200 
Thiophosphates, organophosphate photo- 
chemistry, 172:156 

Tissue residues, contaminants in aquatic 
organisms, 173:1 ff. 

Titanic, 173:1985 discovery of shattered 
hull, 173:117 

Titanic, microbial rusticle growth, 173: 
117 ff. 

Titanic, rusticle biomass, 173:128 
Titanium dioxide photocatalytic oxidation, 
pesticide waste disposal, 177:160 
TMP, triclopyr metabolite, soil adsorp- 
tion, 174:29 

Tolclofos-methyl, hydrolytic profile, 175: 
208 

Tolerable daily intake (TDI), defined, 

172:114 

Tolerable daily intake (TDI), DINP, 172: 
114 

Total diet, proposed arsenic criteria, 180: 
156 

Toxaphene, chiral insecticide, 173:91 
Toxic effects, azaarenes range to different 
species (graph), 173:51 



Toxic waste, steel drum deterioration on 
ocean floor, 173:134 
Toxicity, aflatoxin-ammonia reaction 
products, 171:153, 160 
Toxicity, azaarenes, 173:39 ff. 

Toxicity, chromium, 178:58 
Toxicity, chromium to microorganisms, 
178:126, 128 

Toxicity comparison, fipronil vs fipronil- 
desulfinyl, 176:37 
Toxicity, DINP, 172:97 
Toxicity, fipronil mammals, 176:33 
Toxicity mechanism, PFAS, 179:111 
Toxicity, photoenhanced aquatic contami- 
nants, 173:13 

Toxicity tests, algal culture techniques, 

178:27 

Toxicological abbreviations, 176:4 
Toxicological bioavailability, metals in 
soils, 178:10 

Toxicological bioavailability, metals in 
soils, defined, 178:1 

Toxicological criteria for RfDs, chemical 
warfare agents, 172:80 
Toys, DINP in manufacturing, 172:92 
Trace elements, house dust contaminants, 
175:28, 30 

Trace elements, influencing factors in hu- 
man hair, 175:47 ff. 

Trace metal concentrations, Antarctic fish, 

171:63 

Trace metal concentrations, marine mam- 
mals Southern Ocean, 171:72 
Trace metals, Antarctic coastal benthic or- 
ganisms, 171:73 

Trace metals, Antarctic freshwater ecosys- 
tems, 171:93 

Trace metals, Antarctic krill, 171:59 
Trace metals, Antarctica clams/scallops, 

171:83 

Trace metals, Antarctica terrestrial ecosys- 
tems, 171:85 

Trace metals, coastal benthic invertebrates 
(Ross Sea), 171:75 

Trace metals in Antarctic organisms, 171: 
53 ff. 

Trace metals, seals Antarctica, Irish Sea, 
Finland Gulf, 171:81 
Trace metals. Terra Nova Bay fishes 
(Ross Sea), 171:78 
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Tracer®, spinosad, 179:38 
Trajectory simulation, methyl bromide 
volatilization, 177:87 
Tralomethrin, anaerobic soil degradation 
to deltamethrin, 174:111 
Tralomethrin, biotic chemical properties, 
174:111 

Tralomethrin/deltamethrin combination 
experiments, 174:114, 118 
Tralomethrin, hydrolysis, 174:109 
Tralomethrin, hydrolytic profile, 175:192 
Tralomethrin, photolysis in water, 174:110 
Tralomethrin, photolysis on soil, 174:110, 
114 

Tralomethrin, physicochemical properties, 
174:52, 95 

Tralomethrin, Scout®, 174:96 
Tralomethrin, soil sorption partition coeffi- 
cients, 174:105, 107 

Transfluthrin, hydrolytic profile, 175:192 
Transport model, methyl bromide, 177: 

70, 74 

Triasulfuron, hydrolytic profile, 175:224 
Triazine herbicides, hydrolysis kinetics 
mechanisms, 175:155 
Triazine herbicides, structures & hydro- 
lytic profiles, 175:230 
Triazine ring opening to acetyltriuret, 
175:148 

Triazophos, hydrolytic profile, 175:212 
Tribenuron methyl, hydrolytic profile, 

175:224 

Tributyltin, house dust concentrations, 

175:27 

Tricalcium phosphate, fertilizer, 177:11 
Trichlorfon, hydrolytic profile, 175:220 
Trichlorfon I 50 S, ChE fish, 172:28 
Trichlorfon, phosphonate-phosphate re- 
arrangement, 175:143 
Trichlorfon, sublethal AChE inhibition 
aquatic organisms, 172:47 
Triclopyr, 2-butoxyethyl ester metabolite 
hydrolysis, 174:21 

Triclopyr, 2-butoxyethyl ester metabolite 
photodecomposition, 174:23 
Triclopyr, adsorption/desorption in soils, 

174:28 

Triclopyr BEE, see triclopyr 2-butoxye- 
thyl ester, 174:23 
Triclopyr, chemical name, 174:20 



Triclopyr, chemical structure, 174:20 
Triclopyr, compliance with EPED guide- 
lines (table), 174:43 

Triclopyr, degradation pathway (diagram), 

174:25 

Triclopyr, environmental fate, 174:19 ff. 
Triclopyr, formulations, 174:20 
Triclopyr, Garlon®, Grazon®, 174:20 
Triclopyr, groundwater contamination, 

174:38 

Triclopyr, half-life groundwater, 174:42 
Triclopyr, half-life in plants, 174:27 
Triclopyr, half-life in soils, 174:39, 42 
Triclopyr, half-life in surface waters, 174: 
41 

Triclopyr, hydrolysis products, 174:21 
Triclopyr, mode of action, 174:20 
Triclopyr, persistence water/sediments, 

174:36 

Triclopyr, photodecomposition, 174:22 
Triclopyr, photolysis half-lives, 174:23 
Triclopyr photoproduct, MDPA, 174:24 
Triclopyr photoproduct, oxamic acid, 

174:24 

Triclopyr, physicochemical characteris- 
tics, 174:20 

Triclopyr, plant metabolism, 174:26 
Triclopyr, soil adsorption, 174:29 
Triclopyr, soil degradation, 174:24 
Triclopyr, soil half-lives, 174:42 
Triclopyr, soil leaching, 174:28 
Triclopyr, soil leaching index, 174:33 
Triclopyr, soil leaching qualities (table), 
174:31 

Triclopyr, soil organic carbon desorption 
effect, 174:28 

Triclopyr, soil persistence, 174:39 
Triclopyr, surface runoff, 174:35 
Triclopyr, TCP as soil degradate, 174:25 
Triclopyr, TMP as soil degradate, 174: 

25 

Triclopyr, triethylamine salt, 174:21 
Triclopyr, Turflon®, 174:20 
Triclopyr, uses & herbicidal characteris- 
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nm 
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ft 


foot (feet) 


N 
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gal 
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no. 


number(s) 


g 


gram(s) 


od 


outside diameter 


ha 


hectare(s) 


oz 


ounce(s) 


hr 


hour(s) 


ppb 


parts per billion (|ig/kg) 


in. 


inch(es) 


ppm 


parts per million (mg/kg) 


id 


inside diameter 


ppt 


parts per trillion (ng/kg) 


kg 


kilogram(s) 


Pg 


picogram(s) 


L 


liter(s) 


lb 
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mp 


melting point 
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m 


meter(s) 


rpm 


revolutions per minute 
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m 


cubic meter(s) 


sec 


second(s) 


l^g 


microgram(s) 


sp gr 
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sq 


square (as in “square m”) 
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vs 


versus 


mg 


milligram(s) 


wk 
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mL 
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wt 
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mm 

mM 


millimeter(s) 

millimolar 


yr 
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